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FOREWORD 

This  report  was  prepared  by  the  Institute  of  Engineering  Research, 
University  of  California,  Berkeley,  California,  under  USAF  Contract 
No.‘  AF  33(038)-11502.  The  contract  was  conducted  under 'Project  No.  7360, 
•Materials  Analysis  and  Evaluation  Techniques'*,  Task  No,  73605,  "Design 
Data  for  Metals11,  formerly  RDO  No.  614-13,  "Design  and  Evaluation  Data  for 
Structural  Metals",  and  was  administered  under  the  direction  of  the  Mat¬ 
erials  Laboratory,  Directorate  of  Research,  Wright  Air  Development  Center, 
with  Mr.  E.  L.  Horne  acting  as  project  engineer.  This  report  covers  work 
accomplished  between  October  1953  and  October  1954» 

The  authors  wish  to  express  their  appreciation  of  the  help  given  by 
Mr.  L.  A.  Shepard,  who  had  been  associated  with  previous  work  on  the  sub¬ 
ject  at  the  University  of  California 
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ABSTRACT 


A  study  was  made  of  the  creep  properties  of  clad  aluminum  alloy 
75S-T 6  under  intermittent  heating  and  loading  conditions  at  300°F  and 
600°F.  A  few  tests  were  also  conducted  at  1|50°F  under  intermittent  heat¬ 
ing  conditions. 

The  results  were  correlated  by  means  of  the  empirical  functional 
equation 

f  -  F  jtfCcr-jj 

where  £.  e  total  strain 

C  w  time  / 

a~  =  stress 
F  a  strain  function 

jf-  s  stress  function. 

As  suggested  in  previous  reports ,  the  function  -f  was  shown  to  be 
approximately  independent  of  strain  and  of  the  type  of  intermittent  test¬ 
ing  cycle.  The  predictibn  of  intermittent  condition  creep  data  can  there¬ 
fore  be  carried  out  from  a  knowledge  of  the  constant  load  isothermal  data, 
and  a  single  test  under  the  intermittent  condition. 

A  review  of  the  literature  has  shown  that  although  in  a  significant 
proportion  of  cases  the  above  analysis  can  be  used  successfully,  the  func¬ 
tion  often  varies : considerably  with  strain,  and  in  some  instances  is 

not  independent  of  the  type  of  intermittent  condition.  Nevertheless  even 
the  approximate  prediction  of  intermittent  creep  data  by  flexible  use  of 
the  method  is  likely  to  be  of  value. 

The  test  results  were  also  compared  on  a  basis  of  net  time  at  temp¬ 
erature  under  load.  It  appears  that  any  intermittent  cycle  permitting 
recovery  and  overaging  of  the  material  in  the  absence  of  load  has  a 
deleterious  effect  on  its  creep  resistance.  Under  other  intermittent 
conditions  the  creep  of  the  material  is  approximately  the  same  on  a  net 
time  basis  as  its  creep  under  steady  load  isothermal  conditions. 


PUBLICATION  REVIEW 

This  report  has  been  reviewed  and  is  approved. 
FOR  THE  COMMANDERS 


i.  WHITMORE 

t  Technical  Director 
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ERRATA 


Aluminum  and  titanium  alloy  designations  as  referenced 
in  this  report  should  he  replaced  by  the  current  designations 


as  given  below s 

Old  Designation 

75S-T6 

24S-T3 

ROI3OA 

2S 

43 

63s 


Current  Designation 

7075-T6 

2024-T3 
C-ll  CM 
1100 
3OO4 
6063- T6 
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HfTBODtJCTION 

It  is  only  on  rare  occasions  that  the  design  engineer  has  data 
available  on  the  behavior  of  appropriate  materials  under  the  precise  con¬ 
ditions  of  the  intended  usage,  and  it  is  often  impracticable  to  eondnet 

i 

laboratory  tests  simulating  closely  the  known  or  expected  variation  in 
stress,  temperature,  and  environment  to  which  the  part  -will  be  exposed 
during  its  service  life»  This  Is  the  ease  for  aircraft  structural 
engine  components  subjected  to  sueh  stresses  and  temperatures  as  to  make 
creep  one  of  the  limiting  design  criteria.  Ihile  almost  all  of  the  con¬ 
siderable  body  of  creep  data  collected  for  a  aide  variety  of  materials  is 
derived  from  isothermal  tests  conducted  under  steady  constant  load,  the 
actual  use  of  the  material  may  involve  a  highly  irregular  and  complex 
history  of  stress  and  temperature  conditions.  It  had  been  considered 
sufficient  to  design  conservatively  on  the  basis  of  the  isothermal  steady 
load  tensile  creep  properties  even  at  the  expense  of  some  inefficiency 
but  Indications  mere  found that  cyclic  conditions  of  stressing  or 
heating  could  in  same  eases  cause  accelerated  creep  and  premature  failure 
such  that  the  design  eas  not  in  fact  conservative . 

The  present  investigation  eras  therefore  undertaken  to  ascertain  shat 
effects  might  be  encountered  ehen  materials  were  subjected  to  oreep  under 
intermittent  loading  or  heating,  or  combinations  of  intermittent  loading 
and  heating.  A  previous  report^  has  described  the  results  of  intermittent 
stress  testa  on  clad  aluminum  alloys  75S-T6  and  24S-T3  at  300*F,  450*7  and 
600*P,  and  on  commercial  purity  titanium  at  400*7.  Intermittent  temper¬ 
ature  tests  on  75S-T6  and  24S-T3  alloys  at  450*7^,  and  combined  inter¬ 
mittent  stress  and  temperature  tests  on  75S-T6  alloy  at  450*7^  have  also 
been  reported.  The  work  described  in  the  present  report  was  concerned 
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with  intermittent  temperature,  and  combined  intermittent  stress  and  temper¬ 
ature  tests  on  clad  aluminum  alloy  75S-T6  at  300°F  and  600®F,  and  some 
additional  intermittent  temperature  tests  at  450®F. 

In  the  earlier  reports  referred  to  above,  it  was  concluded  that 
under  the  test  conditions  employed,  intermittent  temperature,  or  in  phase 
cycles  of  intermittent  stressing  and  temperature  do  not  greatly  affect 
the  creep  properties  of  the  alloys  tested  when  the  deformation  and  rupture 
characteristics  are  compared  with'  steady  load  isothermal  creep,  as  judged 
on  a  basis  of  net  time  •under  load  at  the  test  temperature.  Subjecting 
the  material  to  intermittent  stressing  at  a  steady  temperature  or  to  out 
of  phase  combined  cycles  of  load  and  temperature  (where  the  test  piece 
is  at  test  temperature  in  the  absence  of  load  for  part  of  the  cycle)  does, 
however,  produce  accelerated  creep  and  earlier  rupture  as  compared  with 
steady  load  isothermal  conditions,  again  using  the  above  net  time  criterion. 

(n 

Extensive  work  at  Cornell  Aeronautical  Laboratories,  Inc.  *'  on 
the  creep  behavior  of  a  variety  of  alloys  under  intermittent  stressing 
or  heating  conditions  has  shown  that  creep  can  be  either  accelerated  or 
retarded  according  to  the  relative  influence  exerted  by  such  factors  as 
overaging,  crystal  recovery  ductility  changes,  creep  recovery,  and  thermal 
stress  effects. 

During  the  course  of  the  previous  work  in  these  laboratories  seme 
success  was  achieved  in  correlating  and  predicting  both  steady  condition 
and  intermittent  condition  creep  data  by  the  use  of  the  functional  relation 

F^t-fCtr)]  .  (1) 

where  *  total  strain 

t  «  time 
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(T*  =  stress 
p  =  strain  function 
*=  stress  function. 

Plotting  strain  against  log  time  at  various  stresses  for  creep  under  steady 
or  intermittent  conditions  gave,  for  any  particular  test  temperature  and 
type  of  test,  a  series  of  more  or  less  homologous  creep  curves  which  dif¬ 
fered  primarily  in  their  displacement  along  the  log  time  axis.  Then,  if 
were  the  time  to  reach  a  certain  strain  at  a  selected  standard  stress 
,  the  time,  fc  ,  to  reach  the  same  strain  at  some  other  stress  o — 
would  be  given  by 


t  =  i 


or 


ts  - 


"V* 
K 


tc  t  t 


r  f 1 ^ 
i  ft<7)  J 


(0-or) 


(2) 

(3) 


By  using  this  relation,  a  single  composite  creep  curve  could  be  drawn, 
representing  the  creep  behavior  of  the  material  at  one  temperature  under 
a  specified  steady  or  intermittent  condition,  thus  permitting  a  simple 
comparison  of  the  effects  of  various  types  of  cycle.  The  value  of 
obtained  for  the  same  stresses  was  only  slightly  dependent  on  the  strain, 
and  similar  values  were  found  for  steady  stress  isothermal  creep  and  for 
the  various  types  of  intermittent  test  cycle.  Thus  the  function  F  con¬ 
tains  the  effect  of  the  cyclic  condition,  and  the  stress  function  j-  is 
approximately  independent  of  strain  or  the  type  of  test.  Consequently  if 
one  intermittent  stress  test  were  run  at  the  standard  stress  0^"  ,  the 
time  t*v  to  achieve  the  same  strain  at  any  other  intermittent  stress,  0  , 

for  the  same  cycle  could  be  determined  from 
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(4) 


■where  and  is  determined  from  two  steady  stress  creep 

curves,  and  from  the  single  intermittent  stress  creep  curve  at  the 

i 

standard  stress  .  Furthermore,  if  tests  at  a  series  of  stresses  tinder 
steady  load  isothermal  conditions  are  already  available  over  a  suitable 
range.  Intermediate  values  of  ^l<raj)c  may  be  interpolated  from  a  plot  of 
log  against  log  or  where  has  been  chosen  appropriately. 

The  additional  test  results  obtained  under  various  intermittent 
conditions,  and  presented  in  this  report,  have  been  analyzed  both  on  the 
basis  of  the  net  time  Under  load  at  test  temperature  and  on  the  basis  of 
the  functional  equation  (l).  Predicted  creep  curves  calculated  by  the 
use  of  equations  (2)  and  (4)  using  K  values  averaged  over  various  strains 
up  to  and  including  fracture  are  compared  with  the  experimental  results. 

Universal  application  of  this  empirical  method  of  analysis  and  pre¬ 
diction  should  not  be  expected.  This  is  borne  out  by  the  later  section 
of  this  report  dealing  with  a  general  evaluation  of  the  method.  Never¬ 
theless,  in  view  of  the  paucity  of  experimental  creep  data  under  conditions 
of  intermittent  loading  and  heating,  even  the  approximate  quantitative 
prediction  of  such  data  was  considered  a  worthwhile  goal,  and  the  anal¬ 
ytical  work  summarized  in  this  report  has  been  prosecuted  from  this  point 
of  view. 


MATERIAL,  EQUIPMENT  AND  TEST  METHODS 
All  tests  in  the  present  series  were  conducted  on  clad  aluminum 
alloy  75S-T6  (Government  Specification  An-A-13)  of  the  same  batch  as  that 
used  in  earlier  work^*'**^  in  these  laboratories.  Details  of  the  analysis 
and  room  temperature  tensile  properties  have  been  reported  previously. ^ 
The  material  was  supplied  in  the  form  of  a  number  of  10*  x  20”  sheets  of 
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the  same  production  batch,  and  specimens  were  cut  from  these  parallel  to 
the  rolling  direction,  the  sheets  being  numbered  consecutively  as  they 
were  taken  from  the  box. 

The  equipment  used  in  these  tests  was  that  which  has  been  previously 
described,  (9*10)  with  the  later  modification^  in  which  the  heat  capacity 
of  the  furnaces  was  reduced,  so  that  they  could  meet  more  easily  the  short 
heating  period  required  in  tests  involving  the  use  of  intermittent  heat¬ 
ing  conditions.  In  consequence,  the  initial  heating  of  the  test  piece 
before  the  first  test  cycle  took  place  more  rapidly  than  previously,  and 
in  order  to  compensate  approximately  for  this,  the  first  load  was  applied 
two  hours,  instead  of  three  hours,  after  the  initial  heating  of  the  test 
piece  was  commenced.  A  check  of  this  compensation  was  made  by  testing  equi¬ 
valent  specimens  at  the  same  stress  using  the  new  standard  two  hours  initial 
heating  period  in  one  case,  and  an  initial  heating,  controlled  by  hand  to 
simulate  the  earlier  three  hour  procedure,  in  the  other  case.  The  creep 
curves  and  fracture  times  obtained  were  practically  identical  in  the  two 
cases  and  the  use  of  the  revised  two  hour  initial  heating  period  was 
therefore  considered  justified. 

1  During  the  steady  high  temperature  portion  of  each  cycle,  the  temper- 

I 

ature  of  the  specimen  was  maintained  constant  within  +3°F  of  the  reported 
test  temperature,  and  was  measured  by  two  iron-constantan  thermocouples 
held  in  place  oh  the  specimen  near  the  extensometer  gauge  points  by  adhe¬ 
sive  glass  tape  or  string.  Sometimes  a  third  thermocouple  in  the  center 
of  the  gauge  length  was  also  employed.  Stresses  were  determined  to  within 
an  accuracy  of  25  psi,  and  the  creep  extensions  were  measured  on  a  two 
inch  gaiige  length  to  0.01/6  strain.  In  order  to  avoid  the  inconsistencies 
which  would  be  caused  by  variable  or  inaccurate  initial  strain  measurements 
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in  such  data  as  the  time  taken  to  reach  a  given  strain,  all  creep  curves 
were  corrected  to  standard  values  of  the  initial  strain  corresponding  to 
the  particular  test  stress.  These  values  were  obtained  either  from  stress- 
strain  curves  determined  at  the  test  temperature  in  the  creep  testing 
machine  using  manual  incremental  loading  and  a  mechanical  extensometer, 
or  as  the  mean  of  the  initial  deformations  recorded  for  the  stress  in 
question  in  a  large  number  of  creep  tests. 

The  appropriate  sequence  of  intermittent  heating  and  stressing  was 
started  at  the  time  of  initial  application  of  the  test  load,  and  all  times 
were  taken  from  this  reference  point.  Loading  and  unloading  times  for 
both  steady  and  intermittent  load  tests  were  approximately  two  minutes. 
Intermittent  load  cycles,  either  alone  or  in  combination  with  intermittent 
temperature  cycles,  of  1  hr.  and  lg  hrs.  respectively  out  of  a  total  cycle 
of  two  hours  were  used.  For  tests  involving  intermittent  heating  condi¬ 
tions  the  same  periods  of  1  hr.  and  li  hrs.  out  of  a  total  cycle  time  of 
2  hrs.  were  used  during  which  the  specimen  was  maintained  at  the  test 
temperature.  In  the  former  case  if  hr.  was  allowed  for  heating  to  test 
temperature,  the  specimen  being  cooled  to  room  temperature  in  6  mins,  and 
maintained  at  room  tempera ture  for  24  mins.  In  the  latter  case  (lg  hrs. 
at  temperature  per  2  hr.  cycle),  heating  to  the  test  temperature  was 
accomplished  in  20  mins,  the  remaining  10  mins,  being  spent  at  room  temper¬ 
ature  or  cooling  down  to  it.  For  the  combined  intermittent  heating  and 
stressing  tests,  cycles  with  the  on-load  period  both  in  phase  and  out  of 
phase  with  the  period  of  constant  elevated  temperature  were  used,  tests 
being  conducted  for  both  1  hr.  and  1^  hr.  cycles  of  load  and  temperature. 
The  eight  types  of  cycle  are  shown  diagramatically  in  Fig.  1,  cycle  4 
being  included  for  completeness  although  it  was  not  used  in  the  test  series 
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FIG.  I  DIAGRAMATIC  REPRESENTATION  OF  CYCLES  OF 
INTERMITTENT  LOADING  AND/OR  HEATING. 
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covered  by  this  report. 


TEST  RESULTS 

The  test  results  obtained  during  the  period  covered  by  this  report 
are  presented  in  Tables  I-V  inclusive  and  in  Figs.  2-31. inclusive.  All 
times  given  -were  the  total  elapsed  times,  the  creep  curves  for  intermittent 
conditions  being  drawn  as  the  envelope  of  readings  taken  at  the  end  of  the 
constant  temperature,  under  load  period  of  each  cycle.  At  this  time,  the 
temperature  conditions  approximated  closely  to  equilibrium,  and  the  strain 
readings  were  therefore  most  consistent.  At  other  intermediate  points  on 

the  cycle  the  strain  readings  may  be  influenced  by  differential  expansion 

/ 

between  the  outer  tube  and  inner  rod  of  the,  extensometer  as  heating  or 
cooling  is  taking  place. 

1.  Results  at  300°  F. 

The  data  already  presented^  at  300°F  on  clad  aluminum  alloy  75S-T6 
were  extended  in  the  presented  series  of  creep  tests  to  the  cases  of  inter¬ 
mittent  heating  under  steady  load,  and  combined  intermittent  loading  and 
intermittent  temperature.  Only  one  cycle,  of  one  hour  at  steady  elevated 
temperature  per  total  cycle  of  two  hours,  (Cycle  3)  was  used  in  the  inter¬ 
mittent  heating  case.  For  the  tests  under  conditions  of  combined  inter¬ 
mittent  heating  and  loading,  two  time  cycles  of  1  hr.  and  l|  hrs*  on  time 
per  2  hr.  cycle  were  employed  and  for  both  time  schedules  tests  were  con¬ 
ducted  with  the  loading  both  in  phase  (cycles  5  and  7)  and  out  of  phase 
(cycles  6  and  8)  with  the  heating.  In  reviewing  the  results  of  these  tests 
it  was  found  that  certain  incompatibilities  existed  between  them  and  the 
early  isothermal  steady  load  and  intermittent  load  data  using  1  hr.  and 
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l|-  hrso  on  times  per  2  hr.  cycle.  (Cycles  1  and  2).  CQnsequently  these 
three  series  of  tests  were  repeated  to  ensure  that  a  complete  series  of 
comparable  creep  tests  were  available  under  the  eight  combinations  of 
steady  or  intermittent  stress  or  temperature.  At  the  end  of  the  test 
program,  a  repeat  series  (Series  II)  of  tests  at  300®F  under  cycle  7 
conditions  were  done,  using  a  sheet  of  material  different  from  that  used 
for  the  previous  series  (Series  I) .  The  results  obtained  indicated  a 
greater  creep  strength,  particularly  at  low  stresses,  than  the  Series  I 
results  shown  in  Fig.  8,  the  Series  II  results  being  compatible  with  the 
earlier  data^  rather  than  with  the  present  Series  I.  It  seems  probable, 
therefore,  that  the  differences  between  the  earlier  data,  and  that 
presently  reported,  may  well  be  ascribed  to  slight  differences  between 
different  sheets  of  the  test  material  stocko  The  Series  II  results 
under  cycle  7  conditions  are  included  at  the  foot  of  Tables  I  and  II. 

The  results  obtained  are  reported  in  Table  I  in  terms  of  the  total 
elapsed  test  times  at  the  various  stresses  to  reach  specified  total 
strains.  Table  II  contains  similar  data  related  to  specified  creep 
strains.  The  creep  strains  were  obtained  by  subtracting  from  the  total 
extension  measured  by  the  equipment  the  best  values  for  the  strain  tak¬ 
ing  place  on  first  application  of  the  load  the  remainder  being  the  time 
dependent  or  creep  strain  portion  of  the  deformation.  Figs.  2-9  inclu¬ 
sive  show  the  families  of  creep  curves  obtained  under  the  various  steady 
and  intermittent  testing  conditions  at  300°F.  The  data  of  Tables  I  and 
II  have  been  replotted  in  Figs.  10-17  inclusive  to  give  stress  versus 
log-time  design  curves  for  specified  values  of  the  total  or  creep 
strains.  I 
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TABLE  I 


Creep  of  Clad  Aluminum  Alloy  75S-T6  at  300° F 


under  Steady  and  Intermittent  Conditions 
Total  Times  to  Reach  Various  Total  Strains 


Type 

of 

Test 

Stress 

psi 

Total  Time  (Hrs.)  to  Reach  Total 
Strains  of 

Elong.  % 
on  2tt  at 
Fracture 

0.5% 

1.0% 

1.556 

2.0$ 

3.0$ 

Fracture 

Steady  Load 

42,000 

[0.2} 

& 

14 

16+ 

— 

19.9 

2.54 

and  Temperature 

38,500 

[P.33 

25 

46| 

53! 

58, 

58.6 

3.56 

35,500 

ro.4i 

47 

67 

76 

80? 

80.3 

3.32 

33,500 

22 

84 

104 

112! 

— 

115.4 

2.64 

& 

95 

123 

127 

— 

146.4 

2.72 

31,500 

25 

132 

159 

168 

— 

I69.8 

2.72 

Steady  Temperature 

42,000 

— 

17.5 

26 

30 

33k 

36.2 

5.68 

Intermittent  Load 

38,500 

46 

59 

66 

71 

72.3 

3.34 

1  Hr. /I  Hr. 

35,500 

5 

87 

— 

— 

— 

94.7 

1.22 

Cycle  1 

35,500 

5 

91 

115 

124 

129 

130.1 

3.64 

33,500 

30 

143 

167| 

176 

180| 

180.8 

3.15 

31,500 

43 

200 

240 

252| 

— 

256.1 

2.92 

Steady  Temperature 

42,000 

— — 

17 

27 

32 

36! 

38.7 

3.86 

Intermittent -Load 

38,500 

1 

40i! 

54! 

61 

65 

66.9 

6.18 

Hr. k  Hr. 

35,500 

6 

75§ 

94 

102 

108! 

109.3 

4.44 

Cycle  2 

35,500 

5k 

76g- 

97 

106 

no| 

111 

3.69 

33,500 

14 

112 

137 

148 

154 

155 

5.72 

31,500 

27 

142 

174 

188 

— 

196.3 

2.67 

Steady  Load 

42,000 

[0.3] 

16 

30 

39 

48! 

54.4 

6.08 

Intermittent  Temp. 

38,500 

1 

56 

79 

88g- 

94.2 

2.48 

1  Hr./l  Hr. 

35,500 

0 

113 

145 

160 

168.3 

2.44 

Cycle  3 

33,500 

29 

176 

219 

[230] 

1 

— 

— 

31,500 

70 

— 

— 

Km 

“ — 

. - 

Intermittent  Load 

42,000 

EE1 

22 

36 

43 

49 

50.7 

3.50 

and  Temperature 

38,500 

BH 

76! 

102| 

114 

— 

U8.8 

2.40 

In  Phase 

35,500 

126 

157 

171 

182| 

182.8 

3.42 

1  Hr./l  Hr. 

33,500 

170 

223 

245 

— 

— 

— 

Cycle  5 

31,500 

72 

— 

— 

— 

~ * 

— 

Intermittent  Load 

42,000 

[0.3] 

23 

35 

41 

46 

46.6 

3.16 

and  Temperature 

38,500 

ii 

80 

112 

123 

130 

132.3 

4.10 

Out  of  Phase 

35,500 

17 

157 

187 

197 

204 

204.4 

3.40 

1  Hr  .A  Hr. 

33,500 

40 

— 

— 

— 

— 

— 

Cycle  6 

33,500 

33 

[260] 

mm 

— 

— 

— 

— 

31,500 

70 

[335] 

1 

•  — — 

— 

— 

— 
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Intermittent  load 

42,000 

2 

30 

30| 

41 

48 

49.2 

3.12 

and  Temperature 

38,500 

— 

43 

55 

6o| 

65 

66 

3.94 

In  Phase 

35.500 

2s 

110 

144 

158 

166§ 

1.67 

3.43 

li  Hr«/s-  Hr, 

33,500 

24 

130 

159 

— 

— 

165.5 

1.74 

Cy.de  7  (Series  I) 

31,500 

30 

170 

214 

225 

— — 

— — 

Intermittent  load 

42,000 

i 

16 

24 

28 

—— 

32.6 

3.00 

and  Temperature 

38,500 

<  t 

50 

66 

74 

80 

81.5 

3.34 

Out  of  Phase 

35,500 

3 

94 

120| 

131 

— 

137.3 

2.46 

li-  Hr. /|  Hr. 

33,500 

10 

136 

176 

~~ 

192.8 

1.98 

Cycle  8 

31,500 

49 

193 

229 

245 

B 

247.2 

2.13 

Intermittent  Load 

42,000 

14 

2 

31 

33i 

35.0 

3.72 

and  Temperature 

38,500 

3 

* 

48 

68 

76 

8c| 

84.2 

4.17 

In  Phase 

35,500 

2 

98 

127 

140 

146 

152.9 

3.59 

li  Hr. /|  Hr. 

33,500 

19 

143 

173 

187 

194 

194.9 

2.58 

Cycle  7 

Repeat  Series  II 

31,500 

26 

224 

[275] 

N.F. 

[  1- 


Extrapolated  or  Estimated  Value 


TABLE  II 


Creep  of  Clad  Aluminum  Alloy  75S-T6  at  300°F 
Tinder  Steady  and  Intermittent  Conditions 
Total  Times  to  Reach  Various  Creep  Strains 


Type 

of 

Test 

ESI 

Total  Times  (Hrs.)  to  Reach  Creep 
Strains  ofs 

0.1% 

mmm 

EKES 

0.5% 

1.0% 

2.0% 

Steady  Load 

42,000 

1 

2 

2 

3f 

ik 

13 

18| 

and  Temperature 

38,500 

t 

5 

12 

24s 

44s 

56f 

35,500 

1 

3 

£ 

25 

37 

64 

79 

33,500 

14 

36 

56 

76 

99 

115 

3s 

37 

■72 

112' 

153 

I69I 

Steady  Temperature 

4.2  «j  000 

4 

85 

16 

25  i 

32 

Intermittent  Load 

38,500 

12 

25 

41s 

57k 

69 

1  Hr./l  Hr. 

35,500 

30 

53 

78 

-- 

— 

Cycle  1 

35,500 

2* 

25 

47 

79 

111 

126 

33,500 

10 

57 

90 

128 

163 

179 

31,500 

13 

64 

112 

172 

232 

254 

Steady  Temperature 

42,000 

3 

7k 

!5a 

26 

34s 

Intermittent  Load 

38,500 

XX 

20 

36i 

53 

64 

Hr./f  Hr. 

35,500 

2z 

22 

42 

67 

91 

106 

Cycle  2 

35,500 

4 

172 

40 

67 

94 

108| 

33,500 

2s 

32 

62 

97 

132 

15li 

31,500 

11 

41 

75 

120 

166 

193 

Steady  Load 

42,000 

1 

4 

8 

15! 

29 

44f 

Intermittent  Temp. 

38,500 

2 

10 

25 

49 

76 

93t 

1  Hr./l  Hr. 

35,500 

6 

30 

60 

100 

H5 

168 

Cycle  3 

33,500 

8 

55 

98 

144 

208 

__ 

31,500 

20 

103 

[180J 

“ — 

— — 

“ 

Intermittent  Load 

42,000 

0.5 

4 

10 

20 

36 

46 

and  Temperature 

38,500 

2 

14 

36 

71 

100 

118| 

In  Phase 

35,500 

2a 

42. 

68 

no 

152 

178 

1  Hr./l  Hr. 

33,500 

3 

32 

76 

no 

213 

— , 

Cycle  5 

31,500  | 

11 

155 

[225] 

— 

— 

— 

Intermittent  Load 

42,000 

[0.4] 

3 

10  ' 

21s 

1 WM 

43 

and  Temperature 

38,500 

2k 

21 

40 

70 

1 

128 

Out  of  Phase 

35,500 

11 

67 

96 

U2 

201 

1  Hr./l  Hr. 

33,500 

20 

97 

Dl50] 

— 

Cycle  6 

33,500 

10 

83 

142 

223 

— 

31,500 

25 

107 

192 

292 

[375J 

— 
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TABLE  II 


(Cont *d.) 


Intermittent  Load 
and  Temperature 

In  Phase 
l!  Hr./!  Hr. 

Cycle  7,  Series  I 

42,000 

38.500 

35.500 

33.500 

31.500 

%l  i  ! 

a 

■9 

9! 

31 

51 

74 

90 

is! 

41 

94 

115 

140 

33 

53! 

139 

154 

206 

44 

63! 

163 

Intermittent  Load 

42, 000 

li 

4 

7! 

14 

23 

30! 

and  Temperature 

38,500 

— 

5 

23 

44! 

64 

75| 

Out  of  Phase 

35,500 

2 

17 

48 

82 

117 

134 

l!  Hr./|  Hr. 

33,500 

3 

31 

64 

93 

155 

[wq 

Cycle  8 

31,500 

18 

69 

112 

168 

222 

Intermittent  Load 

42,000 

l 

a 

2| 

5f 

2l| 

13 

25 

33! 

and  Temperature 

38,500 

1 

10' 

42 

66 

80 

In  Phase 

35,500 

1 

is! 

42 

83 

123 

145 

l!  Hr. /|  Hr. 

33,500 

7 

48 

81 

126 

167 

192! 

Cycle  7 

Repeat  Series  II 

31,500 

2 

51 

111 

188 

£  3*  Extrapolated  or  Estimated  Value 


NOTE?  The  following  mean  values  of  the  initial  strains  on  loading 
were  used  in  arriving  at  the  data  of  Tables  I  and  II* 


42,000  psi 

0.455$ 

38,500  psi 

0.415$ 

35,500  psi 

0.385$ 

33,500  psi 

0.362$ 

31,500  psi 

0.340$ 
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total  strain  % 


FIG. 2  CREEP  OF  75S-T6  300°  F  STEADY  LOAD  AND  TEMPERATURE 


FIG  3  CREEP  OF  75S-T6  300°  F  STEADY  LOAD 

INTERMITTENT  TEMPERATURE  I  HR/I  HR  CYCLE  3 


WADC  TR  53-336  Pt  k  lif 


FIG. 4  CREEP  OF  75S-T6  300°  F  STEADY  TEMPERATURE, 
INTERMITTENT  LOAD  I  HR/ I  HR  CYCLE  I 


FIG.  5  CREEP  OF  75  S-T6  300°  F  STEADY  TEMPERATURE  ,  INTERMITTENT 
LOAD  i'/jHR/"  '/g  HR  CYCLE  2 

me  »  53*336  n  i  15 


TOTAL  STRAIN  % 


PIG. 6  CREEP  OF  75S-T6  300°  F  INTERMITTENT  LOAD  AND 

TEMPERATURE  IN  PHASE  I  HR./  I  HR.  CYCLE  5 


TOTAL  TIME  -  HOURS 


FIG. 7  CREEP  OF  75S-T6  300  #  F  INTERMITTENT  LOAD  AND 
TEMPERATURE  OUT  OF  PHASE  I  HR /I  HR  CYCLE  6 


WADS  TR  53-336  Pt  U 


16 


TOTAL  STRAIN  %  TOTAL  STRAIN 


FIG.  8  CREEP  OF  75S-T6  300*  F  INTERMITTENT  LOAD  AND 

TEMPERATURE  IN  PHASE  I  HR/  >2HR  CYCLE  7 


i 


FIG.  9  CREEP  OF  75S -T6  300*F  INTERMITTENT  LOAD  AND 
TEMPERATURE  I '/g  HR/ '/2  HR  OUT  OF  PHASE  CYCLES 
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flO.  10  CREEP  OF  7BS-T6  SOO*F  STRESS /LOG  TIME  CURVES 
STEADY  LOAD  AND  TEMPERATURE 


FlO.  II  CREEP  OF  7  5  8  -T  6  300*F  STRESS  /  LOO  TIME  CURVES 
STEADY  LOAD  INTERMITTENT  TEMPERATURE  •  I  HR  /  I  HR  CYCLES 
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STRESS  PS  I  x  10  STRESS  PS  I 


TOTAL  STRAINS  0.5% 
1.0% 
1.5% 


FRACTURE  t 


0.3%  1.8%  20% 


CREEP  STRAINS  0,  I  % 
0  2  % 
0.3  % 
0.5  fc 


TOTAL  TIME  -  HRS 

FIG.  12  CREEP  OF  75S-T6  300°  F  STRESS/LOG  TIME  CURVES 

STEADY  TEMPERATURE  INTERMITTENT  LOAD  I  HR/I  HR  CYCLE  I 


■iinniBp 

■nasiMii 


TOTAL  TIME  -  HOURS 

FIG.  13  CREEP  OF  T5S-T6  300°  F  STRESS/LOG  TIME  CURVES 
STEADY  TEMPERATURE,  INTERMITTENT  LOAD  ij^HRS./^HR  CYCLE  2 
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STRESS  PS  I  x  I0‘ 


CHEEP  STRAINS  0.5% 

-i -  I  .0% 

I  .5% 


FRACTURE  • 

ESTIMATED  OR 
EXTRAPOLATED 
VALUE  t [ ] 


mBi 

■Sin 


..  ,... 

1 

1.0%  2  3% 

i 

CREEP  STRAINS  0.1%  < 

1  0.2% 

0.5%  1 

0.5% 

x! 

1 

1.0% 

20%  l 

TOTAL  TIME  -  HOURS 

FIG.  14  CREEP  OF  75S-T6  300®  F  STRESS  /  LOG  TIME  CURVES 
INTERMITTENT  LOAD  AND  TEMPERATURE  tN  °HASE  -  I  HR  /  I  HR  CYCLES 


OTAL  STRAINS  0.5% 

I - 1  ,0* 

1.5% 


FRACTURE  • 

ESTIMATED  OR 
EXTRAPOLATED 


igHHBB 


CSEEP  STRAINS  0  1% 


TOTAL  TIME  -  HOURS 

FIG.  15  CREEP  OF  75S-T6  300®  STRESS /LOG  TIME  CURVES 
INTERMITTENT  LOAD  AND  TEMPERATURE  OUT  OF  PHASE  -  I  HR/IHR  CYCLE  6 
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STRESS  PS  I  x  10 a  STRESS  PS  I 


FIG.  16  CREEP  OF  75S-T6  300°  F  STRESS  /  LOG  Tl ME  CURVES 
INTERMITTENT  LOAD  AND  TEMPERATURE  IN  PHASE  -  I ‘'a  HR/ ^  HR  CYCLE  7 


1.0  10  100 
TOTAL  TIME  -  HOURS 

FIG.  17  CREEP  OF  75S-T6  300*F  STRESS/LOG  TIME  CURVES 
INTERMITTENT  LOAD  AND  TEMPERATURE  OUT  OF  PHASE  I^HRS/^HR  CYCLE  8 
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2.  Results  at  450*F. 

Only  one  test  condition  was  employed  at  450*T,  namely  that  of 
steady  load  Intermittent  temperature,  using  a  cycle  of  one  hour  at  the 
steady  elevated  test  temperature  for  a  total  cycle  time  of  two  hours 
(Cycle  3)«  Previous  reports^^*^  contain  creep  data  for  clad  aluminum 
alloy  75S-T6  at  450*F  under  the  other  intermittent  conditions  employed 
in  the  tests  at  300°F  and  also  the  steady  load,  intermittent  heating 
conditions  of  cycle  4.  The  results  obtained  in  the  present  tests  are 
reported  in  the  same  manner  as  the  data  obtained  at  300*?  in  Tables  III 
and  IV-ttBd^UgSo  18  and  19. 

3«  Results  at  600°F. 

Tests  at  600*F  on  75S-T6  alloy  under  isothermal  steady  load  and 
intermittent  load  using  both  a  1  hr./l  hr.  (Cycle  1)  and  a  lit  hr./jt  hr. 
(Cycle  2)  cycle  have  already  been  reported. ^  In  this  report  the 
results  of  further  tests  at  600°F  using  steady  load  intermittent  heat¬ 
ing  (cycle  3)  and  both  in  phase  (cycles  5  and  7)  and  out  of  phase 
(cycles  6  and  8)  combinations  of  intermittent  heating  and  loading  are 
given.  For  comparison  purposes,  steady  load  isothermal  creep  tests  at 
600*F  have  also  been  done  and  the  results  inoluded  in  this  section. 

These  results,  obtained  on  specimens  from  the  same  sheet  of  material 
as  for  the  Series  II,  Cycle  7  tests  at  300*F  are  in  good  agreement  with 
earlier  tests, ^  and  the  times  to  reach  specified  strains  appear  to  be 
somewhat  higher,  particularly  at  the  lower  stresses,  that  might  be  ext» 
pected  from  the  other  presently  reported  intermittent  data  at  600°F, 
which  were  obtained  using  specimens  cut  from  other  sheets  of  the  test 
material  stock.  The  data  have  again  been  assembled  in  a  manner  similar 
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TABLE  III 


Creep  of  Clad  Aluminum  Alloy  75S-T6  at  450°F. 
Steady  Stress,  Intermittent  Temperature.  1  Hr. /l  Hr. 
Cycle  3.  Total  Times  to  Reach  Various  Total  Strains 


p  ;l0 

Total  Times  to 

Reach  Total  Strains 

Elong.  % 
on  2*  in 

BS9H 

0.5% 

EMI 

2.0% 

I  3.0% 

5.0% 

Fracture 

Fracture 

12,000 

9 

20 

14 

25a 

n 

— 

27.8 

2.76 

10,000 

7 

151- 

19 

2l| 

1 

— 

22.5 

2.12 

9,500 

35 

73 

91  , 

100 

in 

116 

116.9 

6.03 

9,000 

48 

92 

101 

122 

:  1 

148 

158.0 

11.4 

8,600 

55 

119 

150 

166 

2018 

202.5 

5.30 

8,200 

45 

158 

215 

246 

B 

\ - 

N.F. 

— 
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TABLE  17 


Creep  of  Clad  Aluminum  Alloy  75S-T6  at  450eF. 

Steady  Stress,  Intermittent  Temperature.  1  Hr./l  Hr.  Cycle  3» 
Total  Times  to  Beach  Specified  Creep  Strains 


KliSOiSl 

RHi 

Total  times 

to  Reach  Creep  Strains  of: 

0.1% 

0.2% 

0.3% 

0.5% 

1.0% 

2.0% 

12,000 

1 

3 

7 

13 

22 

26 

12,000 

i! 

3 

5* 

10 

lfc 

22 

10,000 

3 

14 

24 

40 

61 

75 

9,500 

3 

16 

28 

46 

76 

102 

9,000 

12 

27i 

42 

62 

95 

123| 

8,600 

2 

18 

36 

Q 

127 

16& 

8,200 

— 

1 

24 

171* 

250 

NOTE:  The  following  mean  values  of  the  initial 

strains  on  loading  were  used  in  arriving 
at  the  data  of  Tables  III  and  17: 


12,000  psi 

0.140% 

10,000  psi 

0.117% 

9,500  psi 

0.111% 

9,000  psi 

0.106% 

8,600  psi 

0.100% 

8,200  psi 

0.096% 
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lopoo  PSI 
FRACTURE 
„  88.2  HRS 


HUS  HR  53-336  Pfc  4 
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50  75  100  125  150  175  200  225 

TOTAL  TIME  -  HOURS 

FIG.  18  CREEP  OF  75S-T6  450°  F  STEADY  LOAD  INTERMITTENT 
TEMPERATURE  I  HR/ I  HR  CYCLE  3 


FIG.  19  CREEP  OF  75S-T6  450*F  STRESS/LOG  TIME  CURVES  STEADY  LOAD 
INTERMITTENT  TEMPERATURE  I  HR/I  HR  CYCLE  3 
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TABLE  V 


Creep  of  Glad  Aluminum  Alloy  75S-T6  at  600°F  under 


Various  Intermittent  Conditions 


Total  Time  (Hrs.)  to  Reach  Total  Strains  of; 


Steady  Load  and 
Temperature 


Steady  Load 
Intermittent 
Temperature 
1  Hr./l  Hr. 
Cycle  3 


Intermittent  Load 
and  Temperature 
In  Phase 
1  Hr./l  Hr. 

Cycle  5 


Intermittent  Load 
and  Temperature 
Out  of  Phase 
1  Hr./l  Hr. 

Cycle  6 


Intermittent  Load 
and  Temperature 
In  Phase 
li  Hr .fk  Hr. 

Cycle  7 


Intermittent  Load 
and  Temperature 
Out  of  Phase 
l|  Hr. Hr. 
Cycle'  8 


5,000 

5,000 

4.500 

4,000 

3.500 

3,200 


6,000  —  —  ■ — ’g  • — 1  lq: 

5,000  i  ni  4  7  9 

5,000  t  2  5  8  10 

4.500  1  5  111  Yk  23 

4,000  2  11  26  39  50 

3.500  5  29  76  117  161 

3,200  4  26  80  132  183 


111 

9 

20 

5l| 

128 

228 


5,000 

4.500 

4,000 

3.500 

3,200 


5,000 

4.500  | 

4. 200  2 

4,000  6 

3.500  13 

3.200  16 


5,000 

4.500 

4,000 

3.500 

3,200 


5,000 

4.500 
4,000 

3.500 
3,200 


9  11 

27  3 lk 

34  53 

118  174 
223  — 


20  26 
38  53 

88  120 
138  198 


34  38 

75  90 


Fracture1 


19.8 
16.8 
40.2 
103.5 
249.8 
N.F . 


4.6 

24.4 

26.3 

58.6 

134.5 

N.F. 

N.F. 


22.7 

80.2 

138.6 

N.F. 

N.F. 


42.3 

110.2 

152.5 

N.F. 

N.F. 

N.F. 


5 

8 

11 

17 

19! 

33 

55k 

94! 

99 

163 

6 

9 

14| 

21 

21 

39 

74 

120 

99 

165 

26.3 

62.4 
174.5 

N.F. 

N.F. 


13.05 

22.67 

22.83 

12.09 

9.36 


15.25 

12.33 

11.54 

10.60 

8.90 


8.47 

9.24 

8.49 


15.50 

10.43 

9.64 


[  1=  Estimated  or  Extrapolated  Value. 
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TOTAL  STRAIN  7, 


25 


50  75  100  125  150  175  200 

TOTAL  TIME  -  HOURS 

FIG.  20  CREEP  OF  75S-T6  600°  F  STEADY  LOAD  AND  TEMPERATURE 


225 


FIG.2I  CREEP  OF  75S-TG  600*  F  STEADY  LOAD  INTERMITTENT 
TEMPERATURE  I  HR/IHR  CYCLE  3 


250 


WADC  TR  53-336  Pt  k 


28 


TOTAL  STRAIN  % 


FIG.  22  CREEP  OF  75S-T6  600*  F  INTERMITTENT  LOAD  AND 

Temperature  in  phase  ihr/ihr  cycles 


FIG. 23  CREEP  OF  75S-T6  600"F  INTERMITTENT  LOAD  AND 
TEMPERATURE  OUT  OF  PHASE  I  HR/I  HR  CYCLE  6 
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total  strain  % 
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FRACTURE 
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10.02  % 


4000  PS( 
FRACTURE 
114.3  HRS 
10.60  % 


25  50 


75  100  i  25 

TOTAL  TIME  -  HOURS 


SSOOPSI 
3.22  % 
213.5  HRS 


3200  PSI 
2.07  % 
233. 5  HRS 


jrioo 
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F»C.  24  CREEP  OF  75  S-T6  600°  F  INTERMITTENT  LOAD  AND 
TEMPERATURE  IN  PHASE  \%  HR/l^HR.  CYCLE  7 


♦500  PSI 

fracture 
'.02.4HRS 
10.43  % 


.  4000  PSt 
FRACTURE 
’  174.5  HRS  . 
9.64  %  i 


'3500  PSI 
3.47%  . 
286  8  HRS 


3200  PSI 
i.89  % 
216.8  HRS 


100  125  150 

TOTAL  TIME  -  HOURS 


FIG.Z5  CREEP  OF  75S*T6  600°  F  INTERMITTENT  LOAD  AND 
TEMPERATURE  OUT  OF  PHASE  l4'HR/|  HR  CYCLE  8 
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FIG.  26  CREEP  OF  75S-T6  600*  F  STRESS/LOG  TIME  CURVES 

STEADY  LOAD  AND  TEMPERATURE 
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FIG.  27  CREEP  OF  75S-T6  600*F  STRESS// LOG  TIME  CURVES 

STEADY  LOAD  AND  INTERMITTENT  TEMPERATURE  I  HR/lHR  CYCLE  3 
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STRESS-PSI 


FIG.  28  CREEP  OF  75S-T6  600*F  STRESS/LOG  TIME  CURVES 
INTERMITTENT  LOAD  AND  TEMPERATURE  IN  PHASE  IHF^/IHR  CYCLE  5 


PIG. 29  CREEP  OF  75S-T6  600°  F.  STRESS/LOG  TIME  CURVES 

INTERMITTENT  LOAD  AND  TEMPERATURE 
OUT  OF  PHASE  I  HR/  I  HR  CYCLE  6 
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to  that  used  for  the  test  results  at  300°F  and  450®F,  with  the  exception 
that  thd  use  of  creep  strains  has  not  been  continued.  At  the  highest 
stress  of  5,000  psi  the  strain  on  initial  application  of  the  load  is 
estimated  to  be  0.09^,  while  at  the  lowest  stress  of  3,200  psi  the  cor¬ 
responding  initial  strain  is  0.06^.  Not  only  is  the  accuracy  in  the 
estimation  of  these  very  small  strains  somewhat  low,  but  even  at  the 
lowest  stress  the  time  taken  to  reach  0.5^  creep  strain  is  not  signifi¬ 
cantly  different  from  that  taken  to  reach  0.5^  total  strain.  It  has 
therefore  been  considered  sufficient  to  report  only  the  times  to  reach 
specified  total  strains,  data  for  0,2%  total  strain  being  included  to 
provide  an  indication  of  the  creep  behavior  of  the  material  at  small 
deformations,  even  though  these  data  are  on  occasions  somewhat  erratic. 

Figs.  20-25  inclusive  show  the  creep  curves  obtained  under  the 
various  test  conditions  employed,  while  the  results  are  summarized  as 
the  total  elapsed  times  taken  to  reach  specified  total  strains  in  Table  V 
The  values  from  this  table  have  been  plotted  as  stress/log  time  design 
curves  in  Figs.  26-31  inclusive. 

DISCUSSION  OF  TEST  RESULTS 
1.  Methods  of  Analytical  Approach 

With  the  completion  of  the  present  test  program,  a  fairly  extensive 
set  of  data  at  the  three  temperatures,  300°F,  450°F,  and  600&F,  on  75S-T6 
alloy  was  made  available  for  detailed  analysis.  Four  methods  of  analyz¬ 
ing  these  data  have  been  used,  and  on  the  basis  of  present  results  one 
has  been  selected  as  the  most  satisfactory.  Method  1  was  based  on  the 
use  of  the  total  times  (  )  to  reach  various  total  strains  as  read 
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directly  from  plots  of  total  strain  against  total  time.  Method  2  was 
similar,  bnt  various  creep  strains  w.ejre  used  in  place  of  total  strain 
values.  The  creep  strains  are  determined  by  subtracting  from  the  total 
strains  measured  by  the  equipment  all  plastic  and  elastic  strains  occurr¬ 
ing  on  the  initial  application  of  the  test  load.  For  75S-T6  at  the  test 
temperatures,  these  initial  strains  included  very  little,  if  any,  plastic 
deformation,  even  at  the  highest  test  load  of  42,000  psi  at  300®F  when 
the  initial  strain  was  0.45$ >  In  method  3  the  experimental  data  were 
plotted  on  stress  versus  log  time  coordinates  as  the  total  elapsed  time 
at  the  various  test  stresses  to  reach  specified  values  of  the  total  strain 
(0.5$,  1.0$,  1.5$,  2.0$  etc.)  and  rupture.  Smooth  average  curves  were 
then  drawn  for  each  specified  strain,  and  the  times  to  reach  these  strains 
atamy  given  stress  can  then  be  read  from  the  curves.  For  the  test 
stresses,  these  times,  (  )  may  be  considered  as  the  most  probable  times 

required  to  reach  the  specified  strains.  In  this  way  the  effects  of  the 
scatter  normally  encountered  in  creep  testing  were  minimized  without  an 
excessive  burden  of  testing,  and  by  replotting  the  values  at  various 
strains  for  each  test  stress  on  strain/time  coordinates  a  typical  creep 
curve  for  each  test  stress  may  be  obtained.  Creep  curves  at  any  inter¬ 
mediate  stress  can  obviously  also  be  arrived  at  by  interpolation,  while 
limited  extrapolation  can  also  be  carried  out  in  many  cases  if  due  judg¬ 
ment  is  exercised.  Method  4  involves  a  similar  approach,  using  creep 
strains  instead  of  total  strains. 

Two  different  view  points  have  been  used  in  the  analyses  of  the  data. 
In  the  first,  comparisons  of  the  experimental  results  under  the  various 
cyclic  conditions  have  been  made  on  a  basis  of  net  time  under  load  at 
the  test  temperature,  in  order  to  assess  the  effect  of  cyclic  conditions 
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on  the  rate  at  which  creep  takes  place  under  the  influence  of  the  test 
stresses  and  temperatures. 

A  second  type  of  analysis  has  been  carried  out  using  the  correlation 
and  prediction  methods,  previously  discussed, based  on  the  proposed 
functional  equation 


where  £  =  total  strain 

t  *  time 
(T"  *  stress 
p  *=  strain  function 


(5) 


if  the  function  is  independent  of  strain,  where 

t  =  time  at  some  standard  stress  to  reach  a  total  strain  £, 

£v  £ 

g  'Ca-=  time  at  some  other  stress,  d~  ,  to  reach  a  total  strains, 

-  ts  «  time  at  some  standard  stress  to  reach  a  total  strain  £, 
time  at  the  other  stress,  (P  ,  to  reach  a  total  strain  £ 

In  the  following  discussion,  the  constant  K  as  calculated  using  the  ex¬ 
perimentally  determined  times,  ,  is  denoted  as  ,  while  that  cal¬ 

culated  using  the  most  probable  times,  ,  obtained  from  the  appropriate 
stress/log  time  curves  is  denoted  by  .  Correspondingly,  the  predicted 
times,  calculated  by  using  t^for  the  chosen  standard  test  and  the  appro¬ 
priate  in  accordance  with  equation  (5),  will  be  designated  "calc.^*^'1, 

while  the  calculated  times,  using  and  the  appropriate  Xj  will  be 
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designated  “calc,  ".  For  the  intermittent  conditions,  a  second  cal¬ 
culated  time  may  be  arrived  at  by  using  for  the  standard  stress  under 
intermittent  conditions,  and  K<j  for  the  steady  load  and  temperature  con¬ 
dition  at  the  appropriate  stress.  This  calculated  time,  designated  "calc. 

is  the  essential  objective  of  the  prediction  attempted  with  the 
suggested  method  of  analysis.  For  its  calculation,  only  a  representative 
test  at  the  single  standard  stress  under  the  intermittent  condition  is 
required  in  addition  to  the  normal  isothermal,  steady  load  creep  data. 

2.  Analysis  of  300*F  Data 
(a)  Net  Time  Approach 

The  results  obtained  by  comparing  the  isothermal  steady  load  data, 
and  the  seven  sets  of  various  cyclic  condition  data  on  a  net  time  basis 
are  summarized  in  Table  VI.  Inspection  of  these  results  suggests  that 
the  effect  of  the  various  types  of  cycles  on  the  creep  behavior  of  75S-T6 
alloy  at  300®F  divides  them  into  two  main  groups.  In  the  first  group  lie 
those  conditions  which  have  little  or  no  effect  on  the  creep  resistance 
of  the  material.  The  in-phase  combined  load  and  temperature  cycles  5 
and  7  can  be  classed  with  the  steady  load  isothermal  condition,  although 
there  are  indications  that  rupture  may  be  slightly  delayed  by  the  inter¬ 
mittent  condition.  The  steady  load  intermittent  temperature  conditions 
of  Cycle  3  may  also  be  classed  with  the  first  group,  since  although  the 
net  times  to  specified  strains  and  fracture  are  slightly  below  the  average 
for  the  first  group,  the  differences  are  hardly  enough  to  be  considered 
significant.  The  explanation  of  the  above  grouping  is  apparent  when  the 
effect  of  temperature  on  steady  load  isothermal  creep  is  considered.  Dur¬ 
ing  the  part  of  the  cycles  when  the  test  specimen  is  at  room  temperature. 
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TABLE  VI 


Comparison  of  Average  Net  Times  (Net£<^)  to 
Beach  Specified  Strains  for  Various  Intermittent  Conditions 
Creep  of  75S-T6  at  300**F 


Stress 

psi 

Total 

Strain 

% 

Cycle 

1 

Cycle 

2 

Cycle 

3 

m 

Cycle 

6 

^3 

Cycle 

8 

42,000 

0.5 

1.0 

1.5 

2.0 

Fracture 

8.3 

14 

18 

2(k 

8l 

13 

15 

18 

16 

21 

24 

27 

8 

15 

19! 

27 

11 

18 

2l| 

25t 

6 

9 

10 

12 

15 

23 

30 

36 

8 

12 

14 

16 

38,500 

0.5 

1.0 

1.5 

2.0 

Fracture 

42 

51 

58 

1 

? 

23 

39! 

33 

36j! 

4 

32 

42 

46 

51 

39^ 

44 

47 

k 

37| 

50 

55 

58| 

/  i 
^  2 

20 

26 

29 

33 

,1 

M 

45 

52 

61 

EH 

1 

35*500 

0.5 

1.0 

1.5 

2.0 

Fracture 

[2] 

52 

75 

90 

97 

2f 

45! 

55 

60 

64! 

55§ 

69 

76 

82| 

56! 

74 

81 

85 

3! 

60 

78 

85 

92 

4 

40 

46 

50 

51 

[6] 

67 

78 

86 

94 

L  5  ] 
49 

60 

65 

70 

33,500 

0.5 

1.0 

1.5 

2.0 

Fracture 

[10 1 

84 

no 

122 

130 

10 

65 

81 

88 

9li 

10 

81 

97 

105 

112! 

14! 

85 

108 

113 

[115] 

10 

85 

no 

120 

[122] 

9s 

60 

M 

[13] 

95 

112 

120 

127 

[10] 

75 

85 

90 

91 

31,500 

0.5 

1.0 

1.5 

2.0 

Fracture 

[50] 

135 

155 

165 

170 

32 

106 

120 

126 

130 

21 

112! 

131 

141 

150 

[128] 

[148] 

[155] 

27 

[no] 

D-45] 

J160] 

17 

[84] 

[30] 

126 

161 

165 

r— 

95 

115 

120 

124 

£  ]  =  Estimated  Value 

*  Series  I  Data 
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or  considerably  below  300ttF,  creep  will  be  negligible  for  cycle  3,  and 
cannot  occur  in  cycles  5  and  7  when  the  load  is  also  removed.  Further, 
except  for  the  brief  period  near  test  temperature  during  the  heating 
portion  of  each  cycle,  the  specimen  will  not  be  affected  by  such  temper¬ 
ature  dependent  processes  as  recovery,  relaxation,  or  aging c 

Under  the  out  of  phase  combined  intermittent  conditions  of  cycles 
6  and  and  the  intermittent  stress  steady  temperature  conditions  of 
cycles  1  and  2,  the  material  creeps  appreciably  faster  than  under  the 
steady  load  isothermal  condition  as  judged  on  a  net  time  basis,  with  the 
effect  being  least  in  the  case  of  cycle  2.  This  can  be  attributed  pri¬ 
marily  to  the  recovery  and  overaging  occurring  at  the  elevated  temperature 
in  the  absence  of  load.  However,  this  does  not  appear  to  be  a  complete 
explanation,  since  on  this  basis  the  recovery  and  overaging  effect  should 
be  greatest  for  the  case  of  cycle  1,  where  the  specimen  is  at  temperature 
in  the  absence  of  load  for  half  of  the  total  cycle,  and  approximately  the 
same  for  the  other  three  cases,  where  the  specimen  is  at  temperature  in 
the  absence  of  load  for  ^  hr.  in  each  2  hr.  cycle.  In  fact  cycle  6  appears 
to  be  most  deleterious,  and  cycle  2  causes  only  a  slight  acceleration  of 
creep.  It  should  be  mentioned  that  in  the  case  of  both  cycles  1  and  2, 
creep  recovery  was  observed  during  the  off  load  portion  of  the  cycle# 
Although  such  observations  were  not  possible  in  the  other  cases  with  the 
equipment  used,  since  thermal  effects  in  the  extensometer  during  the  over¬ 
lapping  intermittent  temperature  part  of  the  combined  intermittent  cycle 
obscured  the  tame  changes  in  specimen  deformation,  it  is  nevertheless 
reasonable  to  assume  that  creep  recovery  also  took  place. 

If,  during  the  elevated  temperature  loaded  part  of  each  cycle  the 
creep  rate  decreases  with  time,  it  may  happen  that  in  1^  hrs.  of  these 
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conditions  (cycle  2)  the  specimen  creeps  only  a  little  more  than  in  1  hour 
(cycle  1).  Ihen  the  specimen  is  at  temperature  in  the  absence  of  load, 
the  amount  of  creep  recovery  in  \  hr.  (cycle  2)  may  not  be  much  less  than 
in  1  hr.  (cycle  1).  Thus  the  net  deformation  during  one  complete  2  hour 
cycle  of  cycle  2  may  be  but  little  greater  than  during  one  complete  2  hour 
cycle  of  cycle  1.  On  the  other  hand,  the  net  time  taken  for  this  deforma¬ 
tion  is  li"  hours  in  the  first  case  (cycle  2),  but  only  1  hour  in  the 
second  case  (cycle  1).  Consequently,  if  this  type  of  behavior  continues 
in  a  greater  or  lesser  degree  throughout  the  test,  in  order  to  reach  a 
specified  strain  the  net  time  (at  temperature  under  load)  would  be  greater 
in  the  case  of  cycle  2,  or,  in  general,  would  be  greater  the  greater  the 
proportion  of  each  cycle  which  the  test  specimen  spends  under  load. 

Fig.  32  shows  diagrammatically  a  hypothetical  case  under  the  various  cyclic 
conditions  used  in  second  group  of  cycles,  namely  those  which  produce  an 
acceleration  of  creep  and  rupture,  and  it  will  be  seen  that  while  no  numer¬ 
ical  significance  can  be  attached  to  the  values,  the  arrangement  of  the 
various  cycles  in  order  of  their  relative  effect  on  creep  behavior  agrees 
with  the  experimental  observations.  A  detailed,  accurate  analysis  of  the 
creep  behavior  during  a  cycle  at  various  places  along  the  creep  curve 
would  obviously  be  necessary  before  this  hypothesis  could  be  considered 
further. 

(b)  Analytical  Correlation  and  Prediction 

Although  a  detailed  presentation  of  the  results  of  applying  Eqs.  (3) 
and  (4)  to  the  data  obtained  at  300® F  is  not  possible  within  the  scope  of 
this  report,  a  typical  example  is  given  in  Table  VII  for  the  case  of 
cycle  3  conditions.  It  will  be  seen  that  the  predicted  values  of  the 
time  to  reach  given  total  strains,  agree  reasonably  well  with  the  values 
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TABLE  VII 


Analysis  of  Creep  Data  for  75S-T6  at  300°F. 

Cycle  3 


Table  Vila.  Total  Strain  Basis 


Variable 

Total  Times 

to  Total 

Strains 

of  J 

Average 
[Graphical) 
"K«  Value 

0.5 

1.0 

1.5 

2.0 

42,000 

0.1 

16.0 

30.0 

39. 

54.4 

V 

10.0 

3.5 

2.6 

2.3 

1.7 

2.6 

calc*  tut. 

0.4 

21.5 

30.5 

34.0 

36.0 

— 

16.0 

30.0 

39.0 

54.0 

__ 

3.4 

2.6 

2.3 

1.7 

2.6 

calc .  £<^ 

0.4 

21.0 

30.0 

34.0 

36.0 

calc .  1 3 

0.3 

19.0 

27.0 

30.0 

32.5 

38,500 

1.0 

56.0 

79.9 

88.5 

94.0 

1.0 

(Standard) 

1.0 

55.0 

78.0 

88.0 

94.0 

1.0 

35,500 

W 

9.0 

113.0 

145.0 

160.0 

168.3 

Ktoc 

0.11 

0.50 

0.55 

0.55 

O.56 

0.52 

calc  • 

2.0 

108.0 

152.0 

170.0 

181.0 

10.0 

113.0 

148.0 

162.0 

170.0 

K3  c 

0.10 

0.49 

0.53 

0.54 

0.55 

0.52 

calc,  tcj 

2.0 

106.0 

150.0 

169. 0 

181.0 

calc. 

2.0 

98.0 

134.0 

157.0 

168.0 

33,500 

29.0 

176.0 

219.0 

230.0 

0.035 

0.32 

0.36 

0.39 

— 

0.34 

calc,  te^ 

3.0 

165.0 

232.0 

260.0 

276.0 

ta 

29.0 

170.0 

215.0 

225.0 

230.0 

v4 

0.035 

0.32 

0.36 

0.39 

0.41 

0.36 

calc .  £3 

3.0 

153.0 

217.0 

244.0 

261.0 

calc, 

2.5 

138.0 

195.0 

220.0 

235.0 

31,500 

tv 

70.0 

0.014 

— 

— 

— 

— 

0.22 

calc.  te* 

4.5 

256.0 

361.0 

404.0 

430.0 

70.0 

255.0 

295.0 

310.0 

— 

0.014 

0.22 

0.26 

0.28 

— 

0.26 

calc. 

4.0 

211.0 

300.0 

338.0 

361.0 

calc.  t3 

3.5 

183.0 

260.0 

293.0 

313.0 
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Table  Vllb.  Creep  Strain  Basis 


Variable 

Total  Times  to 

Creep  Strain  of j 

Average 
'Graphical) 
"K"  Value 

0.1 

0.2 

0.3 

0.5 

1.0 

2.0 

42,000 

be*. 

1.0 

4.0 

8.0 

15.5 

29.0 

44.5 

2.0 

2.5 

3.1 

3.2 

2.6 

2.1 

2.6 

calc.  Cex. 

1.0 

4.0 

9.0 

19.0 

29.0 

36.0 

0.9 

4.0 

8.0 

15.5 

29.0 

0 

V<3 

2.7 

3.0 

3.0 

3.0 

2.6 

2.1 

2.7 

calc. 

0.9 

4.0 

9.0 

17.5 

28.0 

34.5 

calc.  t3 

0.8 

4.0 

8.5 

17.0 

27.0 

33.0 

38,500 

t  «*C 

2.0 

10.0 

25.0 

49.0 

76.0 

93.5 

1.0 

(Standard) 

2.3 

11.0 

24.0 

47.0 

75.0 

93.0 

1.0 

35,500 

*C 

6.0 

30.0 

60.0 

100.0 

145.0 

168.0 

0.33 

0.33 

0.42 

0.49 

0.52 

0.56 

0.44 

calc  •  w^x. 

4.5 

23.0 

57.0 

111.0 

173.0 

214.0 

5.5 

30.0 

58.0 

96.0 

140.0 

168.0 

r 

0.43 

0.37 

0.41 

0.49 

0.54 

0.55 

0.46 

calc#  v*^ 

5.0 

24.0 

52.0 

102.0 

163.0 

202.0 

calc .  t  ^ 

5.0 

23.0 

50.0 

98.0 

156.0 

194.0 

33,500 

8.0 

55.0 

98.0 

144.0 

208.0 

— 

VCe*_ 

0.25 

0.18 

0.26 

0.34 

0.37 

— 

0.25 

calc. 

8.0 

40.0 

100.0 

196.0 

304.0 

374.0 

9.5 

55.0 

100.0 

145.0 

210.0 

250.0 

Ka  , 

0.24 

0.20 

0.24 

0.32 

0.36 

0.37 

0.29 

calc.  \5«\ 

8.0 

38.0 

83.0 

162.0 

259.0 

321.0 

calc. 

7.0 

34.5 

75.0 

147.0 

235.0 

291.0 

31,500 

^  «*_ 

20.0 

103.0 

180.0 

— — 

— 

0.10 

0.10 

0.14 

— 

— 

— 

0.12 

calc .  t*<. 

19.0 

92.0 

208.0 

408.0 

633.0 

779.0 

17.0 

100.0 

180.0 

218.0 

305.0 

375.0 

Ke 

0.14 

0.11 

0.13 

0.22 

0.25 

0.25 

0.17 

calc. 

13.5 

65.0 

141.0 

277.0 

441.0 

547.0 

calc,  y ~ 

11.0 

52.0 

114.0 

224.0 

357.0 

443.0 
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Table  VII  (Cont'd.) 


eal©< 


Keoc 

t3 


calc. 


calc. 


K 


Estimated  or  extrapolated  value . 

Actual  experimental  times ,  from  strain/time  creep  curves. 

»»•» i—  „  \S  _  t«-  for  standard  stress, 

K  TO3"  ba'ed  on  Ka-  ■  w  for  o%Tr  rtZS - 

Calculated  times  for  equation  (2),  using  average  Ke*.for 
appropriate  stress  and  fc®*,  for  standard  stress  (38,500  psi). 
Best  average  time,  determined  from  stress/log  time  plots 
using  £«*_  values  at  specified  strains. 

t:*  for  standard  stress 


j  value  based  on  V(«j 


for  other  stress 


for 


Calculated  times  from  equation  (2)  using  average  V<3 
appropriate  stress  and  for  standard  stress  (38,500  psi). 
Calculated  times  from  equation  (2)  using  average  VCj  for 
appropriate  stress  from  steady  load  steady  temperature  tests 
(see  Table  ¥H;s  below)  and  t7g  for  standard  stress  (38,500  psi) 
under  intermittent  cycle  3  conditions. 


Table  VIXco  Average  Values  for  Steady  Load  Steady  Temperature 
Tests o  (Used  in  Calculation  of  Calc,  ta  Above) 


iiaaigyiaf^Si, 

Stress 
...  psi 

2.9 

42,000 

2.8 

1.0 

38,500 

(Standard) 

1.0 

0.56 

35,500 

0.48 

0o4& 

33,500 

0.32 

0.30 

31,500 

0.21 
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determined  from  the  test  data,  for  total  strains  of  1/S  or  greater.  The 
values,  calc,  ,  predicted  from  the  appropriate  average  values  of 
for  the  steady  load  isothermal  data,  and  the  times  ^  to  various  total 
for  a  representative  test  at  the  standard  stress  under  intermittent  con¬ 
ditions,  also  agree  well  over  the  range  1>£  to  the  fracture,  with  the 
representative  values  of  ^  at  the  other  test  stresses  under  intermittent 
conditions.  Data  predicted  by  both  methods  are  plotted  as  strain  versus 
time  curves  in  Fig.  33(a).  By  using  a  standard  stress  of  38,500  psi,  it 
may  be  seen  that  the  predicted  values  calc,  or  calc,  ,  become 

less  close  to  test  data  as  the  stress  level  of  the  predicted  results  be¬ 
comes  more  removed  from  the  chosen  standard  stress.  In  the  case  given 
as  an  example,  some  improvement  can  be  made  by  using  a  standard  stress 
closer  to  the  stress  for  which  data  ars  to  be  predicted. 

Further  examination  of  Table  VII  and  Fig.  33(b)  will  show  that  if 
the  same  analytical  processes  are  applied  to  the  times  required  to  reach 
specified  creep  strains,  as  opposed  to  total  strains,  improved  agreement 
is  reached  at  the  lower  strain  values,  covering  an  equivalent  total  strain 
range  of  0.5-1.0/f.  At  the  higher  values  of  strain,  however,  the  use  of 
creep  strain  data  causes  a  surprisingly  greater  deviation  between  pre¬ 
dicted  and  actual  values  than  is  the  case  when  total  strain  data are  used. 
Further,  the  deviation  increases  more  rapidly  in  the  case  of  creep  strain 
data,  as  the  stress  departs  from  the  chosen  standard  stress.  If  agreement 
is  sought  over  the  largest  possible  range  of  creep,  therefore,  the  total  ' 
strain  basis  for  analysis  is  to  be  preferred. 

This  same  conclusion  can  be  derived  from  a  study  of  Tables  VIH  and 
IX-in  which  both  detailed  and  average  values  are  shown  for  the  var¬ 
ious  cyclic  conditions.  Table  VIII  demonstrates  that  the  condition  involved 
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TOTAL  STRAIN  •/. 


FIG.  33(a)  PREDICTION  OF  CREEP  DATA.  TOTAL  STRAIN/TOTAL  TIME  CURVES 
75S-T6  300° F  CYCLE  3 
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33,500, 


TABLE  Till 


Values  of  Ka  at  Various  Stresses,  Total  Strains, 
and  Intermittent  Conditions.  Creep  of  75S-^'6  at  300°F 
Standard  Stress  =38,500  psi  (K  =  1.07 


Table  Villa.  Total  Strain  Basis 


B 

Total 
Strain 
%  1 

Steady 

Load 

and  Tempi 

Cycle 

1 

Cycle 

2 

Cycle 

3 

Cycle 

5 

Cycle 

6 

Cycle 

7 

Cycle 

8 

42,000 

0.5 

OKS, 

— 

_ 

1.0 

3.0 

2.6 

2.1 

3.4 

3.4 

3.5 

2.5 

3.0 

1.5 

3.0 

2.3 

2.0 

2.6 

2.8 

2.9 

1.9 

2.8 

2.0 

2.8 

2.2 

1.9 

2.3 

2.6 

2.8 

1.8 

2.64 

F 

2.8 

2.0 

1.9 

1.7 

2.3 

2.8 

Qi 

2.45 

Av. 

2.9 

2.1 

1.9,5 

2.6 

2.7 

2.9 

ESI 

2.7 

35,500 

0.5 

0.89 

0.27 

0.10 

0.19 

0.09 

— 

1.0 

0.48 

0.51 

0.58 

0.49 

0.62 

0.50 

0.56 

0.49 

1.5 

0.56 

0.54 

0.60 

0.53 

0.65 

0.56 

0.58 

0.55 

2.0 

0.57 

0.55 

0.60 

0.54 

0.65 

0.58 

0.61 

0.56 

F 

0.60 

0.57 

0.61 

0.55 

0.64 

0.63 

0.65 

0.57 

Av. 

0.56 

0.55 

0.60 

0.52 

0.61 

0.56 

0.60 

0.56 

33,500 

0.5 

— 

0.03 

0.12 

0.035 

0.065 

0.04 

— 

_ 

1.0 

0.30 

0.35 

0.40 

0.32 

0.44 

0.33 

0.39 

0.32 

1.5 

0.38 

0.36 

0.43 

0.36 

0.45 

[0.40] 

0.40 

0.39 

2.0 

0.42 

0.38 

0  •4-4' 

0.39 

0.46 

— 

[0.44] 

0.41 

F 

0.45 

0.40 

0.45 

CO.  41] 

[0.48] 

— 

0.48 

0.42 

Av. 

0.40 

0.37 

0.43 

0.36 

0.46 

0.41 

0.39 

31,500 

0.5 

_ _ 

0.01 

0.06 

0.014 

0.024 

0.021 

— 

... 

1.0 

0.19 

0.22 

0.29 

[0.22] 

TO.  34] 

TO.  24] 

0.30 

0.22 

1.5 

0.27 

0.25 

0.31 

[0.26] 

[0.34] 

— 

0.28 

0.28 

2.0 

0.31 

0.26 

0.32 

[0.28] 

[0.34] 

— 

0.32 

0.30 

F 

0.34 

0.28 

0.34 

— 

— 

— 

— 

0.32 

Av. 

0.30 

0.25 

0.31 

0.26 

0.34 

0.30 

0.30 

0.28 

j  Uses  Extrapolated  Values 
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Table  VUIb.  Creep  Strain  Basis 


Stress 

psi 

Creep 

Strain 

% 

Steady 

Load 

ind  Temp, 

Cycle 

1 

Cycle 

2 

Cycle 

5 

Cycle 

6 

Cycle 

7 

Cycle 

8 

42,000 

0.1 

— 

— 

2.7 

3.3 

7.7 

— 

0.2 

0.26 

3.43 

3.44 

3.0 

3.5 

7.7 

3.5 

2.52 

0.3 

3.2 

2.99 

2.63 

3.0 

3.4 

4.2 

3.0 

3.07 

0.3 

2.9 

2 

2.38 

3.0 

3.5 

3.5 

2.5 

3.04 

1.0 

3.0 

2.28 

2.08 

2.6 

2.5 

3.1 

2.2 

2.70 

2.0 

2.8 

2.13 

1.89 

2.1 

2.4 

2.8 

2.2 

2.45 

Av. 

2.8 

2.50 

2.25 

2.7 

2.8 

3.7 

2.6 

2.7 

35,500 

0.23 

0.40 

0.43 

0.38 

0.35 

— 

— 

0.42 

0.44 

0.49 

0.37 

0.37 

0.40 

O.64 

0.49 

0.43 

0.50 

0.50 

0.41 

0.43 

0.47 

0.56 

0.50 

0.5 

0.47 

0.53 

0.54 

0.49 

0.58 

0.53 

0.58 

0.52 

1.0 

0.53 

0.52 

0.57 

0.54 

0.58 

0.55 

0.61 

0.53 

2.0 

0.56 

0.55 

0.60 

0.55 

0.60 

0.60 

0.61 

0.57 

Av. 

0.48 

0.50 

0.54 

0.46 

0.47 

0.50 

0.58 

0.53 

33,500 

0.1 

-oc_ 

0.09 

0.22 

0.24 

0.20 

0.19 

— 

— . 

0.2 

0.25 

0.26 

0.33 

0.20 

0.18 

0.26 

0.35 

0.31 

0.3 

0.26 

0.31 

0.34 

0.24 

0.24 

0.30 

0.40 

0.33 

0.5 

0.29 

0.32 

0.39 

0.32 

0.41 

0.37 

0.42 

0.37 

1.0 

0.37 

0.36 

0.42 

0.36 

0 .44 

0.39 

0.46 

0.40 

2.0 

0  <>4 -I 

0.38 

0  «44 

[0.37] 

fo.46] 

-- 

[0.47J 

0.41 

Av. 

0.32 

0.33 

0.38 

0.29 

0.29 

0.33 

0.41 

0.36 

31,500 

0.1 

— ■  mr. 

0.04 

0.12 

0.14 

0.10 

0.11 

— 

—— 

0.2 

0.14 

0.16 

0.26 

0.11 

0.09 

0.18 

0.25 

0.20 

0.3 

0.16 

0.20 

0.26 

£>.15] 

0.21 

0.30 

0.23 

0.5 

0.19 

0.22 

0.30 

0.22 

f0.28] 

0.26 

0.31 

0.26 

1.0 

0.26 

0.25 

0.32 

[0.25] 

[0.33] 

[0.29] 

0.35 

0.295 

2.0 

0.31 

0.2? 

0.34 

ro.25i 

-- 

__ 

— 

0.31 

Av. 

0.21 

0.23 

0.29 

0.17 

0.17 

0.23 

0.30 

0.25 

[  J  Uses  Extrapolated  Values 
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in  the  use  of  Bq.  (2)  for  prediction  purposes,  namely  that  the  value  of 
the  factor  K  is  independent  of  strain,  is  not  strictly  fulfilled,  the 
values  of  varying  systematically  with  strain,  and  the  spread  of  the 
values  Increasing  as  the  stress  departs  from  the  ehosen  standard  where 
*  a  loOo  Figo  34  shows  the  effect  of  both  stress  and  strain  on  the  K 
factor  for  the  case  of  cycle  3  conditions©  This  might  well  be  expected 
at  300®F  where  overaging  will  continue  throughout  the  duration  of  the 
creep  test,  thus  causing  a  continued  change  in  the  material  undergoing 
creep  as  time  increases  during  the  test©  It  is  likely  that  this  would 


with  strain© 

liable  II  shows  the  improvement  effected  by  the  averaging  technique 
used  in  getting  representative  values 0  It  can  also  be  seen  from  this 

table  that,  in  spite  of  the  variation  of  with  strain,  as  noted  above, 
the  average  values  do  not  vary  excessively  with  the  cyclic  condition©  As 
indicated  in  an  earlier  section,  prediction  of  creep  under  intermittent 
conditions  can  therefore  usefully  be  carried  out  with  a  minimum  of  test¬ 
ing  under  intermittent  conditions,  particularly  if  the  stress  range  for 
which  predicted  data  are  required  is  not  too  large, 

3* 


Only  one  cycle  (cycle  3)  was  used  in  the  tests  conducted  in  the 
present  program,  since  studies  of  the  effect  of  the  other  intermittent 
conditions  had  already  been  aade©^^5^^  As  was  found  during  the  presently 
reported  series  of  teats  at  300*F,  the  test  results  obtained  in  the  cur¬ 
rent  investigation  under  cycle  3  conditions  were  not  entirely  compatible 
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LOG  STRESS 


TABLE  IX 


Average  Values  of  and  K<*  for  Various 


Stresses  and  Intermittent  Conditions 


Creep  of  75S-T6  at  300° F 


Stress  SLST 


Cycle  Cycle 
5  6 


Total  Strain  Values 


Cycle 

8 


38, 

o 

o 

VTv 

1 1 

35, 

500 

n 

33, 

500 

If 

31, 

500 

n 

0.40 

0.40 


2.0 

2.6 

2.8 

3.1 

1.95 

2.6 

2.7 

2.9 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.58 

0.52 

o.6o 

0.60 

0.60 

0.52 

0.61 

0.56 

0.42 

0.43 

0.34 

0.36 

0.41 

0.41 

0.31 

0.22 

0.36 

0.32 

0.31 

0.26 

0.34 

0.30 

Creep 

Strain  Values 

2.20 

2.6 

3.4 

4.0 

2.25 

2.7 

2.8 

3.7 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.56 

0.54 

0  •  44 
0.46 

0.40 

0.25 

0.49 

0.26 

0.38 

0.29 

0.29 

0.33 

0.30 

0.12 

0.40 

0.20 

0.29 

0.17 

0.17 

0.23 

1.9 


1.0 

1.0 


0.47 

0.60 


0.34 

0.42 
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with  those  previously  described  in  the  above  references.  The  present 
series  showed  the  material  to  be  considerably  weaker  at  the  lower  stresses 
under  intermittent  temperature  cycle  3  conditions  when  compared  with  the 
early  steady  load  isothermal  data  although  agreement  was  good  at  the  higher 
stresses.  This  conclusion  is  unlikely  to  be  correct,  and  is  contradictory 
to  the  previous  results  and  to  the  results  obtained  in  the  extensive  tests 
of  the  present  series  at  300°F.  Further,  at  300°F,  shorter  times  were 
required  to  reach  specified  strains  or  fracture  in  the  present  steady  load 
isothermal  tests  than  in  those  conducted  earlier.  It  was  considered  that 
the  differences  might  perhaps  be  explained  by  differences  in  testing  tech¬ 
niques,  but  check  tests  mentioned  earlier  showed  that  the  change  in  the 
initial  heating  cycle  of  the  test  piece  before  the  application  of  the 
first  load  was  not  responsible.  It  was  also  considered  possible  that  the 
long  storage  of  the  material  (3a  years)  might  have  resulted  in  slight 
changes  in  its  properties.  Check  tensile  tests  agreed  closely  with  those 
carried  out  when  the  material  was  first  delivered,  but  it  was  still  poss¬ 
ible  that  although  no  change  in  tensile  properties  could  be  detected,  the 
creep  properties  may  have  been  affected  particularly  at  the  slower  creep 
rates  since  it  is  well  known  that  the  creep  properties  of  many  materials 
are  very  sensitive  to  minute  changes  in  structure.  A  well  known  example 
is  the  effect  of  different  deoxidising  agents  on  the  creep  rate  of  killed 
open  hearth  steels. Tfhen,  however,  the  repeated  Series  II  tests  at 
300eF  under  cycle  7  conditions,  and  the  600°F  steady  load  isothermal  tests 
were  done  on  the  same  sheet  of  specimen  stock  and  both  these  sets  of  re¬ 
sults  indicated  a  creep  strength  greater  than  that  found  by  other  tests 
in  the  presently  reported  work,  and  more  compatible  with  earlier  reported 
data^,  it  seemed  most  probable  that  the  differences  discussed  arise 
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arise  from  variation  between  the  sheets  of  specimen  stock  material. 

(b)  Analytical  Correlation  and  Prediction 

Application  of  the  methods  of  correlation  and  prediction  already 
described  to  the  present  cycle  3  test  data  at  450°F  gave  good  results. 

The  factor  appears  to  be  much  more  independent  of  strain  over  the 
range  from  0.5%  total  strain  to  fracture,  than  was  the  case  at  300°F,  and 
excellent  agreement  between  experimental  and  predicted  curves  was  obtained. 
Table  X  and  Figs.  35  and  36  illustrate  these  points.  The  greater  inde¬ 
pendence  of  the  K  values  at  450°F  than  at  300° F  with  respect  to  strain 
agrees  with  the  suggested  explanation  offered  for  the  300° F  case.  At 
450° F  any  overaging  at.  test  temperature  is  probably  completed  early  in 
the  test,  and  subsequent  changes  in  the  material  due  to  this  cause  are 
minor.  No  changes  in  the  K  values  as  the  test  continues  are  therefore 
to  be  expected  due  to  this  cause. 

It  will  be  seen  from  Fig.  35  and  Table  X  that  at  450° F,  as  at  300®F, 
the  correlation  procedure  adopted  is  much  more  successful  when  total  strains 
are  used  than  when  the  analysis  is  conducted  on  the  basis  of  creep  strain. 

4.  Analysis  of  600°F  Data 

~~  I 

(a)  Net  Time  Approach 

In  agreement  with  the  comparisons  discussed  at  450°F  between  the 
data  of  the  present  test  series,  and  previously  reported  data,^’^  cer¬ 
tain  differences  between  the  two  sets  of  results  appear  to  exist.  As  was 
the  case  at  450°F,  agreement  between  the  two  groups  of  data  is  good  for 
the  higher  stress  shorter  time  tests,  but  in  the  present  series  the  mat¬ 
erial  now  appears  weaker  in  the  longer  time  lower  stress  tests  than  pre¬ 
viously  reported  results  indicated.  For  this  reason  a  new  series  of 
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TABLE  X 


K<^ Values  for  Various  Stresses,  Strains,  and  Intermittent  Conditions. 
*™~~  Creep  of  75S-T6.  450  Cycle  3« 


Table  Xa.  Total  Strain  Basis 


TOTAL  STRAIN-% 


AVERAGE 
Kg 


STRESS 
PS  I 


4.6  -1 


1.34 

1.0 

0.76 

0.60 

0.47 
4.  7 


12,000 


1.30 
1.0 

0.78  H 
-10.64 
-JO. 52 


10,000 

8500 

9000 

8600 

8200 

12,000 


10000 

9500 

9000 

8600 

8200 


FIG.  35  VARIATION  OF  K,  WITH  STRESS  AND  STRAIN 
75  S  -T6  450*  F  CYCLE  3 


TOTAL  TIME  -  HOURS 

FIG.  36  PREDICTION  OF  CREEP  DATA  TOTAL  STRAIN/ TOTAL  TIME  CURVES 
75S-T6  450  °F.  CYCLE  3 
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steady  load  isothermal  tests  mere  conducted  to  provide  a  basis  for  compar¬ 
ing  the  tests  of  the  presently  reported  series  by  the  net  time  method. 

As  previously  described  the  results  obtained  were  compatible  with  earlier 
reported  data'  ,  but  indicated  somewhat  greater  strength,  particularly 
at  the  lower  stresses  than  presently  reported  intermittent  data.  These 
differences  are  considered  to  arise  from  slight  differences  between  the 
various  sheets  of  specimen  stock. 

A  comparison  is  made  in  Table  XI,  where  it  may  be  seen  that  in  gen¬ 
eral  the  various  cyclic  conditions  appear  to  have  no  systematio  effect 
on  the  creep  behavior  of  75S-T6  alloy  at  600*F.  A  possible  exception  to 
this  generalization  exists  for  the  steady  load,  intermittent  heating  con¬ 
ditions  of  cycle  3,  particularly  at  the  lower  stresses.  The  increased 

ereep  apparently  resulting  from  this  cause  may  most  probably  be  ascribed 
to  small  amounts  of  deformation  occurring  during  the  heating  portion  of 
fcach  cycle,  where  the  temperature  begins  to  approach  600^F,  and  the  test 
load  is  operative,  file  same  conditions  exist  to  a  more  restricted  degree 
in  the  combined  out  of  phase  cycle  8.  Here,  although  the  specimen  is 
under  load  during  the  heating  portion  of  each  cycle,  the  rate  of  heating 
is  greater,  and  the  effect  suggested  would  be  considerably  less.  The 
slightly  lower  values  of  the  net  time  to  specified  strains  for  the  longer 
times  support  this  suggestion. 

The  approximate  equivalence  of  all  the  cyclic  test  conditions  employed 
at  600*7,  as  opposed  to  the  marked  weakening  effects  observed  at  300°F  for 
some  cycles,  supports  the  explanation  previously  offered.  The  recovery 
and  overaging  processes,  which  are  considered  primarily  responsible  for 
the  redaction  in  creep  strength  at  300°F  in  those  eases  when  the  specimen 
is  subjected  to  elevated  temperature  in  the  absence  of  load,  will  undoubtedly 
VADC  TR  53-336  Ft  4  56 


TABLE  XI 


Comparison  of  Average  Net  Times  (Netbq  )  to 
Reach  Specified  Strains  for  Various  Cyclic  Conditions 


Creep  of  75S-T6  at  600°F 


Stress 

psi 

Total 

Strain 

% 

m 

Cycle 

5 

Cycle 

6 

Cycle 

7 

Cycle 

8 

5,000 

0.2 

1 

2 

i 

4 

1 

? 

__ 

1 

il 

0.5 

2 

1 

lk 

1 

lk 

1.0 

4i 

3 

2k 

4 

3 

1.5 

6 

3# 

4s 

4 

6 

4 1 

2.0 

7k 

4f 

5f 

5 

84 

6 

3.0 

10 

6| 

7s 

6|r 

lit 

7s 

5.0 

13 

9 

10 

si 

15 

10 

F 

18 

i2i 

111 

lit 

18i 

13? 

4,500 

0.2 

0.5 

t 

3 

X 

4 

1 

T 

2| 

k 

1 

3 

1.0 

7k 

5s 

6| 

6f 

7k 

6s 

1.5 

12 

8 

10 

10 

12 

10 

2.0 

15s 

20§ 

11 

13i 

13 

I6t 

!3 

3.0 

15i 

17  1 

17* 

23 

17l 

23% 

5.0 

29 

21 

23i 

26 

31 

F 

41 

29 

30 

38 

40| 

32 

4,000 

0.2 

1? 

1 

k 

i 

1* 

__ 

0.5 

6 

5? 

I2i 

5 

4 

5| 

6 

1.0 

17 

14 

18 

l4 

14a 

1.5 

2ik 

i9§ 

23i 

26 

26t 

2l| 

2.0 

37 

25 

33 

34., 

35 

29n 

3.0 

50 

34a 

42! 

49% 

51 

41% 

5.0 

72 

48 

60 

70 

61 

F 

102 

68 

88 

94 

88 

3,500 

0.2 

3 

2 

li 

3t 

2i 

0.5 

16 

13| 

12 

16^ 

13| 

12% 

1.0 

43 

26i 

32 

50 

40 

33 

1.5 

66 

42 

60 

[70], 

65 

52k 

2.0 

90 

57 

90 

— 

86 

73 

3.0 

128 

80 

— 

— 

150 

113 

5.0 

190 

110 

— 

— 

— 

-- 

F 

250 

- - 

— 

— 

— — 

— — 

3,200 

0.2 

7 

2\ 

mm 

4 

0.5 

31 

21 

20t 

mM 

27 

2l| 

1.0 

78 

40 

55 

L  87] 

79 

55 

1.5 

18 

66 

113 

131 

98 

2.0 

160 

93 

-- 

184 

140 

3.0 

230 

130 

— 

— 

5.0 

f330] 

[180] 

— 

■ 

__ 

F 

“ 

I 

"" 

.  U  =  Estimated  or  Extrapolated  Data 
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take  place  very  much  more  rapidly  at  600°F.  Overaging  will  be  complete 
at  a  very  early  stage  of  the  test,  while  the  effects  of  deformation  at 
300°F  which  are  recovered  slowly  at  this  temperature  in  the  absence  of 
load,  are  unlikely  to  occur  at  600°F,  where  tensile  results  indicate  that 
recovery  is  very  rapid. 

(b)  Analytical  Correlation  and  Prediction 

The  procedures  used  to  analyze  the  test  data  obtained  at  300°F  have 
been  applied  to  the  600®F  data,  with  the  exception  that  for  reasons  given 
previously,  the  test  results  have  been  expressed  only  in  terms  of  total 
strain,  the  creep  strain  data  being  omitted.  Tables  XII  and  XIII  summarize 
the  results  of  correlation  by  the  K  factor,  while  Figs.  37  and  38  provide 
examples  of  the  prediction  of  creep  data  by  the  use  of  this  correlation 
for  cycle  3  conditions  (steady  load,  intermittent  temperature,  1  hr./l  hr.). 
On  the  whole  prediction  of  the  600°F  data  showed  somewhat  better  agreement 
with  the  average  experimental  values  than  was  the  case  for  300°F,  but  the 
same  tendencies  were  found  for  increased  deviation  of  the  predicted  creep 
curve  from  the  experimental  curve  as  the  stress  became  more  remote  from 
the  standard  stress  on  which  the  correlation  was  based.  Agreement  of  the 
average  vK.  values  for  the  same  stress  applied  under  different  cyclic  con¬ 
ditions  was  close,  confirming  the  postulate  that  the  stress  function,-^-  , 
of  Bq.  Cl)  is, to  a  good  approximation,  independent  of  the  cyclic  condition. 
Consequently  the  maximum  use  may  be  made  of  the  prediction  methods  developed, 
and  the  calculation  of  data  at  any  stress  (within  a  moderate  stress  range) 
under  intermittent  conditions  requires  only  one  test  at  some  standard 
stress  under  the  intermittent  condition,  and  sufficient  steady  load  iso¬ 
thermal  creep  data  to  evaluate  the  K  for  the  unknown  stress  in  relation 
to  the  standard.  Alternatively  at  600®F  a  fair  approximation  for  the 
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TABLE  XII 


Values  of  Kg  at  Various  Stresses,  Total  Strain  and 
Intermittent  Conditions*  Creep  of  75S-T6  at  600*F. 
Standard  Stress  ■  4,500  psi  (><9  =  1.0). 


Stress 

psi 

Total 

Strain 

% 

New 

SLST 

Cycle 

6 

Cycle 

8 

5,000 

0.2 

1.40 

1.96 

1.60 

1.76 

0.5 

1.50 

2.35 

1.76 

2 .44 

1.89 

2.0 

1.0 

1.76 

2.44 

1.94 

2.70 

2.02 

2.10 

1.5 

2.00 

2.33 

2.22 

2.58 

2.06 

2.15 

2.0 

2.07 

2.34 

2.30 

2.60 

2.00 

2.17 

3.0 

2.05 

2.38 

2.27 

2.59 

2.03 

2.33 

5.0 

2.23 

2.33 

2.35 

3.06 

2.05 

2.35 

F 

2.28 

2.32 

2.61 

3.16 

2.16 

2.42 

Av. 

2.05 

2.35 

2.30 

2.60 

2.05 

2.20 

4,000 

0.2 

0.56 

“  0.49 

0.51 

0.24 

0.53 

... 

0.5 

0.50 

0.43 

0.49 

0.40 

0.49 

0.48 

U0 

0.44 

0.44 

0.46 

0.37 

0.48 

0.45 

1.5 

0.44 

0.45 

0.43 

0.38 

0.47 

0.47 

2.0 

0.42 

0.44 

0.40 

0.39 

0.47 

0.45 

3.0 

0.41 

0.45 

0.40 

0.37  . 

0.45 

0.42 

5.0 

0.40 

0.44 

0.39 

— 

0.44 

0.39 

F 

0.40 

0.43 

0.34 

“ 

0.43 

0.37 

Av. 

0.45 

0.45 

0.45 

0.38 

0.45 

0.45 

3,500 

0.2 

0.23 

0.25 

0.22 

0.55 

0.27 

0.5 

0.19 

0.17 

0.21 

0.16 

0.20 

0.23 

1.0 

0.17 

0.2L 

0.20 

0.14 

0.20 

0.20 

2.0 

0.17 

0.19 

0.15 

— 

0.19 

0.18 

3.0 

0.16 

0.19 

— 

— 

0.15 

0.16 

5.0 

0.15 

0.19 

— 

— 

— 

— 

0.16 

— 

<— 

— 

— 

— 

pin 

0.18 

0.20 

0.20 

0.16 

0.18 

0.19 

3,200 

0.100 

0.18 

0.12 

0.026 

0.16 

0.097 

0.11 

0.12 

0.097 

0.10 

0.13 

0,096 

0.14 

0.12 

0.077 

0.10 

0.12 

0.100 

0.13 

0.089 

0.087 

0.094 

0.10 

2.0 

0.097 

0.12 

— 

— 

0.090 

0.093 

3.0 

0.089 

0.12 

— 

— 

— 

— 

5.0 

0.088 

0.12 

— 

— 

— 

— 

F 

— 

— 

— 

— 

— 

— 

Av. 

0.097 

0.12 

0.12 

0.070 

0.10 

0.11 
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TABLE  mi 


Average  Values  of  Ke*.  and  K3  for  Various 
Stresses  and  Intermittent  Conditions 
Creep  of  75S-T6  at  600°F  (Total  Strain  Values) 


■ 

E9 

SLST 

New 

SLST 

!«■ 

Ifli 

Sain 

Cycle 

6 

Cycle 

7 

Cycle 
L  8 

5,700 

8.2 

10.0 

7.5 

B 

n 

1 

1 

B 

tl 

— 

— 

— 

i 

B 

B9 

■M| 

— 

E9| 

hi 

mm 

mmm 

2.05 

WMM 

wSm 

■H 

— 

2.05 

■Si 

mm 

ESSI 

Bm 

ESI 

2.05 

EEll 

4,560 

(Standard) 

All  K  Values 

*  1.0 

mm 

4,200 

— 

— 

— 

b 

B 

| 

0.58 

B 

■ 

W3SM 

« 

— 

— 

— 

0.56 

B 

mm 

if^TTTTT—B 

KjjHJH 

s&iiBteK. 

0.41 

i*  jj 

0.44 

0.45 

0.40 

0.46 

0.45 

■OB 

■ 

BB 

— 

0.45 

0.45 

0.38 

0.45 

0.45 

warn 

mmmm 

MIM 

0.18 

07L8 

0.20 

0.22 

0.18 

EBBI 

EM*M 

worn 

mum 

mam 

0.18 

— 

0.20 

0.20 

0.16 

0.18 

Hsi 

MSSSMk 

0.086 

0.09 

o.ii 1 

0.14 

0.13 

6.14 

0.11 

0.10 

0.15 

V<3 

msm 

— 

0.097 

— 

— 

0.12 

0.12 

0.07 

0.10 

0.11 
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intermittent  condition  may  be  achieved  as  described  in  the  previous  section 
by  using  the  total  strain  values  obtained  from  a  steady  load  isothermal 
test  reached  in  the  same  net  time  under  load  at  the  test  temperature. 

EVALUATION  OF  ANALYTICAL  METHODS 

1.  Introduction 

The  successful  use  of  methods  of  analysis  and  prediction  of  creep 
data  developed  and  discussed  in  this  and  previous  reports  has  so  far  been 
demonstrated  only  for  a  relatively  limited  range  of  intermittent  conditions, 
and  in  detail  for  only  one  material  -  aluminum  alloy  75S-T6.  The  detailed 
analysis  of  these  results  has  not  only  shavm  that  for  most  of  the  cases 
examined  good  agreement  between  calculated  and  actual  creep  curves  can  be 
obtained  at  moderate  strains  but  it  has  also  shown  that  the  K  factor  in¬ 
volved  in  the  method  is  insensitive  to  the  type  of  cycle  involved  in  tests 
under,  intermittent  conditions,  at  least  within  the  range  of  the  eight  cases 
studied.  This  detailed  analysis  has  also  disclosed  a  weakness  in  the 
method,  inasmuch  as  the  factor  K  is  slightly  dependent  on  strain,  its 
variation  with  strain  (or  time)  increasing  as  the  test  stress  becomes 
further  removed  from  the  standard  stress  of  the  analysis.  It  was  there¬ 
fore  considered  necessary  to  conduct  an  extensive  survey  of  available 
creep  data  from  both  steady  load  isothermal  tests,  and  from  intermittent 
condition  tests  in  order  to  assess  the  validity,  and  the  range  of  applica¬ 
tion  of  the  proposed  methods  of  analysis.  The  former  type  of  data  could 
be  used  to  evaluate  the  extent  to  which  the  K  factor  might  vary  with 
strain,  and  to  established  whether  the  basic  equation 

t-fto-)] 
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previously  proposed  could  be  applied  to  the  prediction  of  creep  data  in 
general,  or  -whether  restrictions  on  its  range  of  validity  were  imposed 
by  such  variables  as  type  and  composition  of  material,  stress  range,  strain 
range,  and  duration  of  the  test0  These  limitations  would  be  additional 
to  the  obvious  condition  that  the  above  equation  cannot  be  valid  when 
large  plastic  strains  are  produced  on  application  of  the  test  stress.  An 
analysis  has  also  been  made  of  the  results  of  creep  tests  tinder  several 
types  of  intermittent  conditions  carried  out  at  Cornell  Aeronautical  tab- 
oratories  3hc*v  9  1  on  a  number  of  materials,  in  order  to  test  the  apparent 
independence  of  the  K  factor  with  respect  to  the  type  of  intermittent 
test  condition  observed  in  the  present  series  of  tests. 

2.  Criteria  for  Evaluation 

Up  to  the  present,  it  has  been  considered  desirable  for  the  predicted 
times  to  reach  various  strains  at  some  specified  stress  to  be  within  +20% 
of  the  average  experimental  value*  For  strains  of  about  1%  this  criterion 
would  represent  agreement  of  the  same  order  as  the  normal  scatter  found 
in  creep  testing  many  commercial  alloys*  However,  it  may  be  that  this 
standard  is  unneecessarily  rigid,  particularly  at  low'  strains .  The  design 
information  often  required  is  the  value  of  the  stress  which  will  cause 
specified  strains  or  fracture  in  given- itimes.  In  many  cases  an  error  of 
♦20$  in  the  times  involved  is  associated- with  a  considerably  lower  per¬ 
centage  error  in  the  corresponding  value  of  the  stress.  The  data  for  the 
steady  load  isothermal  creep  -of  75S-T6  alloy  at  300°F  lavs  been  used  to 
illustrate  this  point.  The  Values  of  calc °  for  specified  total  strains 
at  the  five  test  stresses  have  been  replotted  as  stress/log  time  curves, 
and  the  stress  required  to  produce  strains  of  1,0£,  1.5/6,  2„0%  and  fracture 
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in  times  of  20,  50,  100  and  150  hrs.  determined  from  the  graphs.  Fig.  39 
shows  the  actual  and  calculated  stress/log  time  curves.  In  Table  XIY(a) 
the  comparison  of  calculated  and  experimental  data  is  made  on  a  time  basis, 
while  in  Table  XIV(b)  the  comparison  is  made  on  the  stress  basis  described 
above.  It  may  be  seen  that  the  difference  using  the  latter  criterion  is 
for  the  most  part  negligible  from  the  design  viewpoint,  even  though 
appreciable  differences  exist  when  the  corresponding  comparison  is  made 
on  a  time  basis.  At  low  stresses  and  longer  times,  when  the  stress/log 
time  diagrams  often  become  flatter,  considerable  differences  in  times  to 
reach  a  specified  strain  may  still  correspond  to  an  unimportant  difference 
in  permissible  design  stresses.  Judgment  as  to  the  effectiveness  or  other¬ 
wise  of  the  proposed  prediction  procedures  must  therefore  be  related  not 
to  any  absolute  standard  of  agreement,  but  to  the  permissible  design  tol¬ 
erances  required  by  considerations  such  as  operational  stress,  minimum 
‘endurance,  permissible  maximum  deformation,  and  material  characteristics. 

One  further  point  may  be  made  before  consideration  of  the  methods  and 

results  of  the  detailed  survey  of  data  which  has  been  carried  out.  It 

is  certain  that  no  empirical  method  of  analysis  of  creep  data  can  be 

universally  applied.  Consideration  of  the  effect  of  such  complications 

as  metallurgical  changes  during  the  progress  of  creep,  and  the  effect 

of  creep  itself  in  changing  the  initial  structure  of  a  material  exposed 

to  the  combined  influence  of  stress  and  temperature  make  it  fundamentally 

(12) 

impossible  to  arrive  at  general  laws  of  creep  '  which  can  be  extensively 
applied  to  commercial  alloys  until  our  knowledge  of  creep  behavior  and 
processes  is  much  more  advanced  than  at  present.  Sven  partial  success 
in  the  application  of  methods  of  analysis  and  prediction  which  is  likely 
to  assist  in  the  reduction  of  the  quantity  of  testing,  particularly 
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FIG.  39  ACTUAL  AND  CALCULATED  STRESs/lOG  TIME  CURVES  75S-T6 
300°  F  STEADY  LOAD  AND  TEMPERATURE 


TABLE  XIV 


Comparison  of  Experimental  and  Calculated  Creep  Data 
for  Steady  Load,  Isothermal  Creep  of  75S-T6  at  300°F 


Table  XlVa.  Comparison  on  Time  Basis 


■■1 

Total 

Times  (Hrs. 

)  to  Itea< 

?h  Specified  Total  Strains  1 

Experimental  ( 

L3MH 

S  Cal 

.culatec 

(calc 

*  tfl  ) 

wmm 

IM1 

W'Mtk  * 

Fracture 

MB5M 

Fracture 

42,000 

8.3 

14 

18 

8.6 

iik 

20 

38,500 

25.0 

42 

51 

58 

— 

mmmm 

(Standard) 

35,500 

52.0 

| 

90 

97 

45.0 

75 

91 

33,500 

84.0 

BW 

122 

130 

63.0 

107 

128 

31,500 

135.0 

m 

165 

■ 

170 

83.0 

140 

170 

| 

*' 

Table  XlVb.  Comparison  on  Stress  Basis 


Experimental 

!  Calculated  1 

t mm 

WSSSM 

■2EJ 

Fracture 

1.0* 

mmm 

Fracture 

Wm 

39.3 

35.7 

32.9 

31.0 

KaHU 

41.7 
38.6 

34.8 
32.2 

42.0 

39.2 

35.3 
32.5 

39.5 

34.9 

30.2 

27.0 

41.3 

37.7 

33.8 
31.1 

41.7 

38.7 
35.1 
32.3 

42.0 

39.2 
35.7 

33.2 

M 
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testing  under  intermittent  heating  and  stressing,  may  therefore  be  con¬ 
sidered  to  represent  some  progress  in  the  study  of  creep  under  these 
conditions. 

3.  Methods  of  Evaluation 

In  the  application  of  the  basic  equation 

F  1 1  f  ortj  (i) 

previously  proposed,  it  has  been  assumed  that  the  stress  function,  ^  , 

is  independent  of  strain,  and  consequently 


Si^g  _  \S  _  icXeS- 
<r-  v 


(5) 


where  t  =  total  time  at  some  standard  stress  to  reach  a  total  strain 

<r-  =  total  time  at  some  other  stress,  a~  ,  to  reach  a  total  strains., 

t  =  total  time  at  the  standard  stress  to  reach  a  total  strain 

,  t  *  total  time  at  the  other  stress,  <T~  ,  to  reach  a  total  strains. 

In  fact  it  has  been  found  that  K-  is  not  truly  independent  of  strain,  and 
further  that  the  variation  in  K  increases  as  the  stress.  O'"  ,  departs  from 
the  standard  stress.  The  variation  in  K.  with  strain  has  therefore  been 
used  to  study  the  validity  of  Eq.  (1),  while  the  average  value  of  K,  with 
respect  to  strain  at  various  stresses  has  been  used  to  estimate  whether 
the  prediction  of  intermittent  data  can  be  accomplished  from  steady  load 
isothermal  test  results  and  only  one  intermittent  test.  Such  a  prediction 
relies  on  the  independence  of and  therefore  K  ,  with  respect  to  inter¬ 
mittent  conditions.  Studies  of  the  variations  in  the  value  of  K  have 

therefore  been  made  for  the  data  from  Cornell  Aeronautical  Laboratories 
(7,8) 


Inc.' 


in  addition  to  the  analysis  made  in  preceding  sections  of  the 
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data  accumulated  In  these  laboratories* 

Such  a  detailed  study  of  the  vast  body  of  available  steady  load 
isothermal  creep  data  is  manifestly  not  possible  within  the  time  available, 
and  more  rapid  methods  of  evaluation  hare  therefore  been  applied*  There 
data  are  presented  as  creep  curves  of  strain  (or  log  strain)  plotted  against 
tiie  logarithm  of  the  tlme9  the  analysis  proposed  is  applicable  when  the 
curves  at  a  series  of  stresses  are  displaced  relative  to  eaoh  other  along 
the  log  time  axis  by  a  distance  approximately  independent  of  strain  for 
any  pair  of  curves*  From  Sq.  (5) »  at  any  pair  of  values  for  the  standard 
stress  and  the  stress  cr"  ,  *h®  stress/log  time  design  curves  for  the  spec¬ 
ified  total  strains  and  will  be  equally  spaced  with  respect  to  the 
log  time  axis,  as  may  be  seen  in  the  calculated  curves  of  fig*  39*  The 
deviation  of  the  experimental  curves  from  parallelity  can  therefore  be 
used  as  an  indication  of  the  success  or  failure  of  lq*  (1)*  Further,  if 
the  stress  function #  ,  is  independent  of  the  cyclic  condition,  the 

stress/log  time  curves  for  any  Intermittent  creep  testing  condition  should 
be  parallel  with  those  derived  from  steady  load  isothermal  data  at  each 
and  every  value  of  the  specified  strain*  The  position  of  a  set  of  curves 
under  any  given  teat  condition  will,  of  course,  vary,  suoh  variation  being 
eon  trolled  by  the  strain  function,  F  ,  of  equation  (1)* 

4*  Application  of  Steady  load*  Isothermal  Creep  Data 

From  the  detailed  analysis  of  the  data  presented  in  this  and  previous 
related  reports,  it  seemed  probable  that  accurate  prediction  of  steady  load 
isothermal  creep  data  by  the  methods  proposed  would  be  subject  to  limita¬ 
tions  of  both  stress  and  strain*  The  use  of  the  graphical  comparison 
methods  described  in  the  previous  section  has  mads  it  possible  to  examine 
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over  one  hundred  and  fifty  sets  of  creep  curves  for  a  variety  of  materials. 

References  to  the  currently  published  data  examined  are  given  in  the  bib- 

(13-22} 

liography  at  the  end  of  this  report.  ;  In  no  case  was  any  correlation 

found  to  cover  the  entire  strain  and  stress  range  of  a  series  of  tests, 
but  in  approximately  one  third  of  the  cases  examined  the  proposed  analytical 
method  appeared  to  give  useful  results  over  reasonable  ranges  of  stress 
and  strain.  Creep  curves  at  relatively  low  test  temperatures  for  several 
commercial  aluminum  alloys  (24S-T,  75S-T,  R301-T^,  2S,  4S^,  63S-T^15^) 
in  various  conditions  did  not  appear  to  constitute  homologous  series  of 
the  type  indicated  by  Eq.  (l),  but  correlation  was  considerably  improved 
at  temperatures  of  about  350°-400°F.  At  these  temperatures  K  factor  val¬ 
ues  (and  hence  predicted  times  to  reach  specified  strains)  appeared  to  be 
usually  within  +20#  of  a  mean  value  over  a  range  of  stresses  which  would 
produce  fracture  in  times  from  50-800  hrs.,  and  over  a  total  strain  range 
Of  from  1.0%  to  fracture  (5-10^).  The  results  of  Sherby  and  Dorn  on  annealed 
aluminum  2S-0^^  and  on  99.6/6^^',‘^  aluminum  could  not  be  consistently 
correlated  for  any  of  four  temperatures  (90°F-400°F)  or  for  any  annealed 
condition  within  tolerances  of  approximately  50^  in  times  to  reach  various 
strains.  Creep  data  on  high  purity  aluminum  and  a  series  of  dilute  solid 
solution  alloys  of  aluminum  with  copper,  magnesium,  zinc,  and  germanium 
at  300*F^17)  gave  reasonably  constant  \K  values  over  stress  ranges  capable 
of  producing  rupture  in  from  10  hrs.  to  500  hrs.  and  for  a  strain  range 

of  approximately  105?  to  fracture  (50-60 %) .  The  creep  of  dilute  aluminum 

(17) 

silver  alloys,  J  however,  did  not  fit  in  with  the  analysis,  the  K  values 
varying  with  strain  by  a  factor  of  up  to  2  even  over  very  restricted  ranges 
of  stress.  Creep  data  on  some  austenitic  and  ferritic  gas  turbine  disc 
alloys g^^  gOD(j  agreement  with  Eq.  (1),  except  at 
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certain  temperatures,  but  some  success  was  experienced  with  creep  data 

on  Inconel  X,  and  much  of  the  long  time  creep  data  on  the  nickel-chromium 

base  British  high  temperature  alloys  Nimonic  80,  Nimonic  80A,  and  Nimonic 

(21) 

90v  '  could  be  effectively  correlated  within  reasonable  limits  of  accuracy, 

even  for  strains  as  low  as  0.1#  and  for  test  times  in  some  cases  over  10,000 

(22) 

hours.  The  extensive  data  of  Cross,  and  Simmons'  1  on  a  wide  variety  of 
heat  resisting  gas  turbine  alloys  provided  further  evidence  of  useful 
agreement  with  Eq.  (1),  usually  over  restricted  ranges  of  stress  and  strain, 
in  approximately  one  third  of  the  families  of  creep  curves  or  stress/log 
time  design  curves  examined. 

Although  the  general  survey  of  steady  load  isothermal  creep  data  so 
far  completed  must  be  considered  as  indicating  qualitatively  rather  than 
quantitatively  the  degree  of  agreement  of  experimental  results  with  the 
functional  Eq.  (1),  it  is  apparent  that  its  application  to  the  correlation 
ami  prediction  of  steady  load  isothermal  data  is  by  no  means  universal. 

No  effective  generalizations  as  to  when  the  method  is  likely  to  be  suc¬ 
cessful  can  be  made,  and  its  use  must  therefore  be  a  matter  of  Judgment 
for  each  individual  case  under  consideration.  When  it  is  used  flexibly, 
and  with  due  regard  to  the  limitations  of  stress  or  strain  range  encoun¬ 
tered  in  any  particular  application,  it  would  seem  that  considerable 
benefit  may  be  derived  from  its  use  as  a  means  of  interpolating  and  ex¬ 
trapolating  existing  data  complementary  to  Such  well  known  methods  as 
the  use  of  stress/log  time  design  curves. 

5.  Application  to  Published  Intermittent  Condition  Creep  Data 

The  survey  of  the  foregoing  section  has  shown  that  in  a  proportion 
of  steady  load  isothermal  creep  data,  the  variation  of  K  with  strain  is 


1ADC  TR  53-336  Pt  4 


70 


efficiently  minor  as  to  render  feasible  the  prediction  and  correlation 
of  each  data  by  the  nee  of  Eqs0  (4)  or  (5)«  She  experimental  studies  of 
this  and  previous  reports  indicate  that  where  this  is  the  case,  the  value 
of  K  is  also  approximately  independent  of  the  steady  or  intermittent 
nature  of  the  test  temperature  or  the  applied  stress.  In  order  to  aback 

(n  Q\ 

this,  the  intermittent  and  steady  condition  creep  data'  9  '  determined  at 
the  Cornell  Aeronautical  Laboratories,  Inc.  for  a  variety  of  materials 

subjected  to  detailed  analysis.  No  other  intermittent  condition  creep 
data  suitable  for  such  study  have  been  uncovered. 

(a)  Magnesium  Alloy  FS~1H^>^ 

For  the  creep  of  FS-1H  magnesium  alloy  at  300°F,  remarkable  agreement 
of  the  experimental  data  with  the  predicted  data  was  found  when  the  K 
factors  for  the  appropriate  test  condition  was  applied.  An  example  of 
this  agreement  is  shown  in  Fig.  40,  for  a  steady  temperature  intermittent 
load  (1  hr.  on,  1  hr.  off)  cycle.  In  this  case,  creep  curves  have  also 
been  predicted  by  the  application  of  the  average  K  factors  at  the  var¬ 
ious  stresses,  derived  from  the  steady  load  isothermal  data,  to  the  single 
standard  stress  curve  under  the  intermittent  condition,  and  again,  excel¬ 
lent  agreement  has  been  obtained.  A  similar  procedure  applied  to  the 
prediction  of  data  with  a  steady  temperature  lir  hr.  off^  hr.  on  inter¬ 
mittent  stress  cycle,  or  with  a  cycle  employing  steady  load  intermittent 
temperature  (1  hr.  at  temperature/  2  hr.  total  cycle)  also  gave  good  cor¬ 
relation,  as  may  be  seen  from  Table  XV  where  intermittent  and  steady 
condition  average  K  values  are  given. 

At  450*F  the  analysis  of  the  data  is  less  satisfactory,  since  in 
many  cases  strains  of  2%  were  reached  in  times  of  less  than  one  cycle, 
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INTERMITTENT  LOAD  I  HR  ON/  I  HR  OFF 
EXPERIMENTAL  AND  PREDICTED  CURVES 


TABLE  XV 


Average  K  Factor  Values  for  Various 
Stresses  and  Intermittent  Conditions. 

Creep  of  FS-IH  Magnesium  Alloy- 

Table  XV(a).  300°F.  1%  Total  Strain  -  Fracture 


Stress 

psi 

SLST 

UST 

1  hr.  on/ 

1  hr.  off 

IIST 

£  hr .  on/ 
li  hr.  off 

ILTT 

1  hr.  on/ 
1  hr.  off 

3,000 

0.106 

0.105 

4,000 

[0.25] 

0.27 

— 

— 

4,100 

0.28 

— 

— 

— 

5,000 

0.53 

0.56 

0.50 

0.46 

6,000 

(Standard) 

1.00 

1.00 

1.00 

1.00 

7,000 

[1.75] 

1.70 

1.84 

1.92 

7,100 

1.88 

— 

— 

— 

8,000 

3.06 

3.18 

3.48 

3.09 

10,000 

8.8 

10.7 

11.3 

8.3 

12,000 

25.5 

33.0 

32.0 

19.2 

I 


Table  XV(b) .  450aF.  1%  -  5%  Total  Strain 


Stress 

.  P.si  . 

SLST 

ILST 

1  hr.  on/ 

1  hr.  off 

ILST 

£  hr.  on/ 
l£  hr.  off 

SLIT 

1  hr.  on/ 

1  hr.  off 

650 

0.155 

_ _ 

— — 

1,000 

0.37 

0.38 

0.42 

0.42 

1,650 

(Standard) 

1.00 

1.00 

1.00 

1.00 

2,000 

1.52 

1.43 

1.48 

~ 

2,350 

[2.1| 

— 

2.0 

3,150 

4.00 

3.6 

3.8 

4.1 

4,100 

[7.9] 

— 

— 

— 

5,000 

10.0 

" 

10.8 

(7  8) 

NOTE:  Based  on  data  from  Cornell  Aeronautical  Laboratories,  Inc.  *  ' 

[  ]  »  Interpolated  Value. 

SLST  =  Steady  Load,  Steady  Temperature 
ILST  =  Intermittent  Load,  Steady  Temperature 
SLIT  =  Steady  Load,  Intermittent  Temperature 


mDC  TR  53-336  Pt  4 


73 


and.  such  times  cannot  be  considered  as  representative  of  true  intermittent 
condition  behavior.  For  strains  of  1^-5 %  consistent  values  of  the  VC  factor 
•were  obtained,  which  did  not  appear  to  be  appreciably  affected  by  the  type 
of  intermittent  cycle  employed  in  the  test.  The  average  K  factors  eval¬ 
uated  from  the  data  with  due  regard  to  the  above  limitations  are  given  in 
Table  XV.  Fracture  data  at  450eF  have  not  been  included  in  this  analysis, 
since  it  was  found  that  the  method  could  not  satisfactorily  be  applied  in 
this  instance,  and  only  data  for  strains  up  to  5/6  have  been  made  use  of 
where  the  times  involved  have  been  adequate  to  include  the  effect  of  inter¬ 
mittent  conditions.  As  for  the  300°F  data, the  average  values  quoted 
are  tajcen  from  a  smooth  curve  drawn  through  the  experimental  points  on  a 
log  stress/log  K  plot. 

(b)  24S-T3  Aluminum  Alloy 

,  Test  results  suitable  for  analysis  for  intermittent  load,  intermittent 
temperature,  and  combined  intermittent  load  and  temperature  conditions  embody¬ 
ing  six  different  cycles  were  available  at  450°F  and  600° F  in  addition  to 
the  steady  load  isothermal  creep  data.  Variation  of  the  value  of  the  K 
factors  with  strain  for  any  particular  stress  and  intermittent  condition 
was  not  excessive,  falling  within  +10 £  of  the  average  value  in  all  except 
a  few  cases,  and  in  many  instances  being  considerably  more  consistent  over 
a  strain  range  of  0.5^  to  fracture  (approximately  3/6).  In  many  cases 
where  the  deviations  were  large,  use  of  adjusted  values  of  the  times  to 
reach  given  strains,  derived  from  stress/log  time  diagrams,  would  effec¬ 
tively  remove  or  reduce  the  discrepancy.  However,  when  the  average  K 
values  for  the  same  stress  applied  under  the  various  intermittent  condi¬ 
tions  are  compared,  as  in  Table  XVI(a),  a  rather  large  variation  is  apparent. 
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Although  the  K  fac  toast  the  lower  stresses  show  considerably  greater 
Tariation  with  strain  the  data  at  600*7  follow  a  somewhat  similar  pat¬ 
tern  to  that  described  for  the  450*7  results ,  as  may  be  seen  from  Table  171(b) 
Wills  la  both  oases  a  more  detailed  treatment  involving  the  use  of  average 
times  derived  from  stress/log  time  curves,  and  the  disoc  iting  of  apparently 
anomalous  results  leads  to  some  improvement  in  the  consistency  of  results, 
it  would  still  seem  that  the  use  of  average  K  values  obtained  from  steady 
load  isothermal  data,  in  conjunction  with  a  single  test  at  the  standard 
stress  under  the  intermittent  condition,  would  lead  to  predicted  data  which 
would  in  many  instances  fail  to  agree  with  the  actual  data  within  reasonable 
limits  for  the  material  and  test  temperatures  under  consideration » 

(e)  low  Carbon  B-155  Alloy^ 

An  attempt  to  correlate  the  creep  data  at  1350°F  and  1500*7  for  this 
high  temperature  gas  turbine  alloy  was  not  entirely  satisfactory.  For 
same  aeries  of  tests,  particularly  those  under  Intermittent  temperature 
conditions,  the  variation  of  K  with  strain  and  stress  was  erratic.  The 
results  are  given  in  detail  in  Table  2711,  the  average  K  values  at  each 
stress  being  obtained  from  a  smooth  curve  drawn  through  the  points  at  the 
various  strains  plotted  on  log  stress/log  K  graphs.  In  some  instances 
the  average  K  values  were  also  corrected  to  take  Into  account  the  effect 
of  an  apparently  non-typical  test  at  the  standard  stress.  Although  Idle 
average  K  values  obtained  by  these  methods  for  three  of  the  four  cycles 
show  fair  agreement,  prediction  of  straln/tlms  data  did  not  give  good 
agreement  with  the  experimental  creep  curves  except  for  a  few  instances. 

(d)  Inconel 

By  using  the  averaging  methods  described  In  the  previous  section. 
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TABLE  XVII 


K  Factor  Values  for  Various  Stresses,  Strains,  and 
Intermittent  Conditions.  Creep  of  Low  Carbon  N-155  Alloy, 


Table  XVII(a).  1350° F 


Total 

Strain 

% 

SLST 

ILST 

1  hr.  on/ 

1  hr .  off 

ILST 

8  hrs.  on/ 
8  hrs.  off 

SLIT 

1  hr.  on/ 
1  hr.  off 

20,000 

0.5 

... 

0.18 

— . 

1.0 

0.14 

0.08 

— 

— 

2.0 

0.092 

— 

— 

- - 

5.0 

0.056 

— 

— 

— 

Fracture 

0.065 

— 

— 

— —  , 

Average 

0.11 

0.12  ■ 

— 

— ,*■ 

24,000  , 

0.5 

0.38 

0.44 

0.20 

0.71 

1.0 

0.29 

0.40 

0.37 

0.14 

2.0 

0.34 

0.33 

0.44 

0.19 

5.0 

0.32 

0.28 

0.39 

— 

Fracture 

0.28 

0.33 

0.29 

0.40 

Average 

0.37 

0.38 

0.37 

— * 

26,000 

0.5 

0.67 

0.86 

0.77 

0.26 

1.0 

0.52 

0.76 

0.74 

0.28 

2.0 

0.54 

0.71 

0.75 

0.35 

5.0 

0.50 

0.66 

0.84 

— 

Fracture 

0.54 

0.69 

0.58 

0.69 

Average 

0.62 

0.64 

0.65 

— * 

28,000 

Standard 

Stress  -  All  K's  =1.0 

30,000 

0.5 

1.50 

1.09 

2.12 

1.0 

1.37 

4.67 

1.04 

2.0 

1.33 

1.28 

0.87 

5.0 

1.19 

1.47 

1.46 

— 

Fracture 

1.10 

1.84 

1.17 

1.53 

Average 

1.39 

1.50 

1.43 

i  _ 

35,000 

0.5 

— 

~ 

1.0 

— 

7.7 

— 

— 

2.0 

5.9 

4.0 

8.9 

5.15 

5.0 

2.43 

3.5 

3.4 

— 

Fracture 

2.02 

3.8 

2.8 

5.6 

Average 

3.1 

4.0 

2.8 

— * 

SLST  =  Steady  Load  and  Temperature 

ILST  =  Intermittent  Load,  Steady  Temperature 

SLIT  =  Steady  load,  Intermittent  Temperature 

NOTES:  1.  Data  from  Cornell  Aeronautical  Laboratories,  Inc.^ 

2.  Average K  values  obtained  from  smooth  average  curve  through 
points  on  log  stress/log  K  plot .  Correction  applied  where 
required  for  apparently  non-typical  creep  curve  at  standard  stress 
*  Scatter  of  points  on  log  stress/log  K  plot  such  that  no  signi¬ 
ficant  average  values  could  be  obtained. 
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Table  XVII(b).  1500°F 


Stress 

psi 

Total 

Strain 

...  % 

SLST 

ILST 

1  hr.  on/ 

1  hr.  off 

ILST 

8  hrs.  on/ 
8  hrs.  off 

— 

1  hr.  on/ 
1  hr.  off 

12,000 

0.5 

0.036 

0.079 

1.0 

0.033 

— 

— 

— 

2.0 

0.038 

— 

— 

— 

5.0 

0.050 

— 

— 

— 

Fracture 

0.067 

— 

— 

— 

Average 

0.038 

— 

— 

13,500 

0.5 

0.089 

0.10 

— — 

0.11 

1.0 

0.096 

0.087 

— 

0.15 

2.0 

0.11 

0.098 

— 

— 

5.0 

0.13 

0.12 

— 

— 

Fracture 

0.17 

0.14 

— 

0.28 

Average 

0.115 

0.13 

— 

— * 

15,000 

0.5 

0.21 

0..30 

— 

0.42 

1.0 

0.28 

0.37 

0.26 

0.27 

2.0 

0.28 

0.36 

0.25 

asai 

5.0 

0.31 

0.38 

0.30 

Fracture 

0.36 

0.32 

0.31 

* 

Average 

0.31 

0.30 

0.27 

flea 

17,000 

Standard  Stress.  All  Ks  *  1.0 

19,000 

0.5 

■■ 

3.91 

«... 

1.0 

3.88 

— 

1.43 

2.0 

3.06 

— 

2.22 

5.0 

2.81 

2.41 

— 

Fracture 

i 

1.9 

2.02 

1.94 

Average 

KOI 

3.0 

2.4 

— * 

21,000 

0.5 

— — 

— 

— — 

1.0 

— 

7.6 

— 

4.7 

2.0 

7.4 

6.6 

6.2 

6.7 

5.0 

6.0 

5.5 

3.7 

3.1 

Fracture 

4.7 

3.9 

3.5 

3.1 

Average 

6.1 

7.0 

3.8 

— * 

SIST  ■  Steady  Load  and  Temperature 

ILST  =  Intermittent  Load,  Steady  Temperature 

SLIT  -  Steady  Load,  Intermittent  Temperature 

(8) 

NOTESi  1.  Data  From  Cornell  Aeronautical  Laboratories,  Inc.  ' 

2.  Average  K  values  obtained  from  smooth  average  curve  through 
points  on  log  stress/log  K  plot. 

*  Scatter  of  points  on  log  stress/log  K  plot  such  that  no 
significant  average  values  could  be  obtained. 


1ADC  TR  53-336  Pt  4 


78 


good  agreement  «s  obtained  between  the  average  K  values  for  the  two 
Intermittent  070X08  and  the  steady  load  and  temperature  creep  data  for 
this  material  at  1500°F  (Zable  X7IIX) .  At  1350®F,  somewhat  greater  dl f- 
ferenoes  between  the  steady  and  cyclic  load  isothermal  tests  were  found 
although  at  this  temperature  the  variation  of K  values  with  strain  was 
less  than  at  1500°F,  where  deviations  from  the  mean  value  were  in  same 
cases  of  the  order  of  50%„ 

(e)  Titanium  Alloy  BC  130-A 

Due  to  the  shape  of  the  creep  curves  for  this  material  at  600°F, 
characterized  by  a  very  sharp  turn  over  of  the  strain/time  curve,  data 
for  BG  130-A  titanium  alloy  at  this  temperature  could  not  be  effectively 
analyzed.  At  700*F,  however,  fairly  good  correlation  both  within  and  be¬ 
tween  steady  and  intermittent  load  isothermal  tests  was  obtained  over  the 
strain  range  2„Q%  to  fracture  (approx.  3036)  •  The  average  K  values  ob¬ 
tained  as  previously  described  are  given  in  Table  XU.  Data  on  the  steady 
load  intermittent  temperature  condition  wera  insufficient  for  effective 
analysis 0  At  800*F  only  a  limited  range  of  stresses  could  be  successfully 
correlated,  and  therefore  no  correlation  factors  for  this  temperature  have 
been  reported. 

(f)  ^Pe  321  Stainless  Steel^ 

The  oreep  test  data  for  this  materialism'®  been  analyzed  for  both 
1200°F  and  1350*1?  test  series.  At  1200°F,  data  for  the  steady  load  inter¬ 
mittent  temperature  cycle  are  not  considered  sufficient  to  obtain  reliable 
average  values.  For  the  steady  and  intermittent  load  isothermal  tests 
fairly  good  correlation  was  obtained  within  and  between  the  two  series 
for  the  strain  range  1.056  to  fracture  (approx.  10#).  The  average  K  values 
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TABLE  XVIII 


Average  K  Factor  Values  for  Various  Stresses 
and  Intermittent  Conditions 
Creep  of  Inconel  X 


1350® F  1500° F 


Stress 

psi 

SLST 

WM 

SLST 

WBH 

25,000 

0.10 

Not  suffi- 

11,000 

0.17 

0 

30,000 

0.23 

— 

cient  data 

13,000 

{0.3} 

— 

0.37 

35,000 

0.50 

0.39 

to  obtain 

15,000 

0.52 

0.55 

0.56 

40,000 

1.0 

1.0 

significant 

18,000 

1.0 

1.0 

1.0 

'45,000 

2.7 

2.3 

average  K 

20,000 

1.5 

1.44 

1.43 

50,000 

7.8 

5.1 

values . 

* 

25,000 

3.2 

3.3 

3.4 

C  ]  ■  Interpolated  Data 

,  (o\ 

NOTEi  Data  from  Cornell  Aeronautical  Laboratories,  Inc.v  ' 

SLST  -  Steady  Load  and  Temperature 

IIST  -  Intermittent  Load,  Steady  Temperature 

SLIT  *  Steady  Load,  Intermittent  Temperature 
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TABLE  XIX 


Average  K  Factor  Values  for  Various 
Stresses  and  Intermittent  Conditions, 
Creep  of  Titanium  Alloy  RC  130-A,  700°F 


1 


H1HH 

SLST 

55,000 

0.23 

0.24 

65,000 

0.42 

0,44 

75,000 

0.72 

0.75 

80,000 

Standard, 

Ks  =  l.o 

85,000 

1.44 

1.48 

90,000 

2.24 

— 

7.8 

5.5 

NOTE:  Data  from  Cornell  Aeronautical 
Laboratories,  Inc. 

SIST  *  Steady  Load  and  Temperature 

ILST  =  Intermittent  Load,  Steady  Temperature 
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for  the  two  oases  are  given  In  Table  Ufa). 

At  1350*F  fairly  good  oorrelatian  was  again  obtained  for  the  steady 
and  interaittent  load  isothermal  creep  data,  bat  agreement  was  less  ea tie- 
factory  for  the  steady  load  Intermittent  temperature  cycles  Table  XXtb) 
gives  the  average  K  values  at  the  various  stresses  at  1350*?,  while  a 
comparison  of  experimental  and  calculated,  creep  curves  has  been  made  In 
flga.  41  and  42.  Pig.  41  demonstrates  the  results  of  applying  the  analysis 
to  the  steady  load  and  temperature  data,  while  in  Pig.  42  the  predicted 
carves  for  the  Intermittent  temperature  steady  load  ease  are  shown  in 
whl«h  the  average  K  factors  for  the  steady  load  isothermal  case  have  been 
applied  to  the  standard  stress  creep  curve  of  the  intermittent  condition. 

6.  Bssults  of  lvalue t ion  of  Analytical  Method 

FTon  a  study  pf  a  representative  body  of  steady  load  isothermal 
creep  data  on  a  variety  of  metals,  it  is  apparent  that  the  proposed  funo- 
tlonal  equation 


While  not  generally  applicable  to  all  creep  data,  can  be  usefully  employed 
In  about  one  third  of  the  cases  examined.  Por  most  aluminum  alloys,  it 
seems  that  correlation  is  more  satisfactory  at  temperatures  above  about 
4Q0^P,  and  may  be  better  for  simple  solid  solutions  than  for  the  relatively 
complex  commercial  alleys.  Por  other  materials  no  grouping  of  alloys, 
even  on  an  approximate  basis,  has  so  far  been  uncovered  which  would  in¬ 
dicate  In  advance  whether  the  creep  data  for  a  given  alloy  were  likely 
to  be  amenable  to  analysis  or  not.  In  all  those  oases  where  the  method 
does  appear  applicable,  limitations  are  usually  to  be  found  with  respect 
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TABLE  XX 


Average  K  Victor  Values  for  Various 
Stresses  and  Intermittent  Conditions. 
Type  321  Stainless  Steel 


Table  XX(a).  120°F.  1,0%  Total  Strain  to  Fracture  (approx.  10%) 


Stress 

psi 

SLST 

"  "  ilST  " 

L  hr.  on/l  hr.  off 

20,000 

0.34 

— mm 

22,000 

0.51 

0.52 

25,000 

Standard  Stress,  Ks  *  1.0 

27,000 

1.48 

1.65 

30,000 

2.95 

3.3 

33,000 

7.4 

6.5 

Table  XX(b).  1350QF.  0,5%  Total  Strain  to  Fracture  (approx.  10%) 


ILST 

SLIT 

Stress 

1  hr.  on/ 

1  hr.  on/ 

psi 

SIST 

1  hr.  off 

1  hr.  off 

9,000 

0.205 

- 

0.29 

10,000 

0.285 

0.22 

0.37 

12,000 

0.56 

0.49 

0.61 

14,000 

Standard  Stress,  V<s  «  1.0 

17,000 

2.45 

2.9 

2.55 

20,000 

7.5 

7.6 

6.4 

(8} 

NOTE:  Data  from  Cornell  Aeronautical  Laboratories,  Inc.  1 

SLST  =  Steady  Load  and  Temperature 

ILST  *  Intermittent  Load,  Steady  Temperature 

SLIT  =  Steady  Load,  Intermittent  Temperature 
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TOTAL  Tl  ME  -  HOURS 


300 


400 


FIG. 41  EXPERIMENTAL  ANO  PREDICTED  CREEP  CURVES  TYPE  321 

STAINLESS  STEEL  STEADY  LOAD  AND  TEMPERATURE  I350*F 
(OATA  BY  CORNELL  AERONAUTICAL  LABS.  INC*) 


FIG.42  EXPERIMENTAL  AND  PREDICTED  CREEP  CURVES  TYPE  321 
STAINLESS  STEEL  INTERMITTENT  HEATING  1350  »F 
I  DATA  BY  CORNELL  AERONAUTICAL  LABS-  INC8) 


WADC  TR  53-336  Pt  u 


81* 


to  the  range  of  both  stress  and  strain  over  which  satisfactory  correlation 
and  prediction  of  data  can  be  achieved,  and  while  useful  results  can  be 
obtained  by  using  the  proposed  method  of  analysis  as  a  complement  to  well 
established  interpolation  and  extrapolation  procedures,  such  as  the  use 
of  stress  (or  log  stress)  versus  log  time  design  curves,  flexibility  and 
judgment  are  required  in  its  application.  Present  experience  has  indicated 
that  the  limitations  of  the  proposed  method  arise  from  the  fact  that  the 
stress  function,  ^  ,  is  not  independent  of  strain,  and  Eq.  (l)  is  in 

fact  an  excessive  simplification  implying  as  it  does  an  equation  of  state 
which,  as  has  been  demonstrated,  cannot  be  generally  applied  to  creep. 

If,  however,  in  the  cases  and  over  the  ranges  where  Eq.  (1)  is  a 
fair  approximation,  the  stress  function, ^  ,  is  the  same  for  steady  load 
isothermal  creep,  and  creep  under  most  types  of  intermittent  load  and/or 
temperature  cycle,  much  testing  time  and  expense  can  be  saved  by  the  pre¬ 
diction  of  the  intermittent  creep  data  by  the  use  of  one  or  two  chosen 
intermittent  tests  and  the  appropriate  K  factor  determined  from  existing, 
or  readily  obtainable  steady  load  isothermal  creep  tests.  The  analyses  of 
results  of  creep  tests  carried  out  both  in  these  laboratories,  and  at 
Cornell  Aeronautical  Laboratories,  Ine.,  indicate  that  this  is  generally 
the  case,  and  that  in  many  instances  fairly  good  agreement  between  pre¬ 
diction  and  experiment  is  obtainable  over  a  useful  range.  Although  accu¬ 
rate  predictions  are  not  generally  possible  the  lack  of  experimental  data 
on  the  creep  of  materials  under  intermittent  conditions  of  loading  and 
heating  is  such  that  even  relatively  crude  quantitative  estimates  of  such 
data  are  likely  to  be  useful  until  more  experimental  data,  and  a  more 
rigorous  method  of  analysis  based  on  a  sound  fundamental  approach  are 
available. 

WADC  TR  53-336  Pt  4  85 


CONCLUSIONS 


!•  The  results  of  creep  testing  clad  aluminum  alloy  75S-T6  at  300°F 
under  isothermal-intermittent  load,  under  steady  load-intermittent  temper¬ 
ature,  and  under  in-phase  and  out-of-phase  cycles  of  combined  intermittent 
load  and  temperature  conditions,  show  that  the  various  cycles  may  be  broadly 
divided  into  two  groups,  according  to  whether  they  affect  the  net  time 
under  load  at  elevated  temperature  to  reach  fracture  or  specified  total 
strains.  Those  cases  where  processes  of  recovery  and  overaging  can  occur 
during  an  off-load  part  of  the  test  cycle,  appear  to  produce  creep  to 
specified  strains  and  fracture  in  times  shorter  than  those  corresponding 
on  a  net  time  basis  to  the  case  of  steady  load  isothermal  creep.  Such 
cases  are  the  steady  temperature  intermittent  load  cycles  (cycles  1  and  2) 
and  the  out  of  phase  combined  intermittent  loading  and  heating  cycles 
(cycles  6  and  8).  In  all  other  cases  the  creep  behavior  approximates  on 
a  net  time  basis  to  the  steady  load  isothermal  creep  behavior  of  75S-T6 
alloy  at  3O0°F. 

2.  The  order  of  the  four  cycles  1,  2,  6,  and  8  with  respect  to 
their  effect  in  causing  acceleration  of  the  creep  of  75S-T6  alloy  is  not 
directly  related  to  the  amount  of  time  per  cycle  which  the  specimen  spends 
at  the  elevated  temperature  in  the  absence  of  load.  A  tentative  explana¬ 
tion  is  based  on  the  observation  that  the  creep  curve  during  one  cycle  on 
reapplication  of  the  load  appears  to  be  of  the  form  of  the  primary  creep 
section  of  the  standard  creep  curve.  Further  detailed  experiments  would 
be  required  before  any  judgment  can  be  made  on  this  hypothesis. 

3.  At  600°F,  where  overaging  must  occur  in  a  short  time  early  in 

the  course  of  a  creep  test,  and  the  material  is  never  far  removed  from 
the  fully  recovered  state,  the  creep  behavior  of  aluminum  alloy  75S-T6 
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when  judged  on  a  basis  of  net  time  at  elevated  temperature  under  load  is 
approximately  unaffected  by  intermittent  conditions  of  heating  and  stressing. 

4.  At  both  300°F  and  600°F,  the  creep  of  75S-T6  alloy  under  all  the 
test  conditions  employed  in  the  present  series  of  tests  may,  to  a  good 
first  approximation  be  represented  by  the  functional  equation 

L-F^CfCa-)} 

where  £.  =  total  strain 

fc  *  total  elapsed  time 
O —  *=.  stress 
F  =  strain  function 

*  stress  function.  ; 

The  stress  function,  ^  ,  is  only  slightly  dependent  on  strain  over  the 

range  of  stress  42,000  to  31,500  psi,  and  is  apparently  independent  of  the 
type  of  intermittent  test  cycle  of  temperature  and  stress.  The  equation 
can  therefore  be  used  to  make  effective  predictions  of  the  creep  curves 
under  an  intermittent  condition  from  a  knowledge  of  the  creep  behavior 
under  the  normal  steady  load  isothermal  test  conditions,  and  a  single  re¬ 
presentative  test  at  a  standard  stress  under  the  intermittent  condition. 

5.  A  survey  of  a  representative  selection  of  available  steady  load 
isothermal  creep  data  op  a  variety  of  materials  shows  that  the/above 
method  of  analysis  is  not  generally  applicable,  being  effective  only  in 
about  one  third  of  the  cases,  and  then  often  being  subject  to  limitations 
of  stress  and  strain. 

6.  A  survey  of  other  creep  data  under  intermittent  conditions  in¬ 

dicates  that  where  the  analysis  can  satisfactorily  be  applied  to  steady 
load  isothermal  creep  data,  it  can  usually,  but  not  invariably,  be  applied 
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to  intermittent  data  on  the  same  material  over  the  same  stress,  strain, 
and  temperature  ranges.  The  stress  function  of  the  equation  given  is  then 
approximately  independent  of  the  type  of  intermittent  test  cycle,  and  data 
under  intermittent  conditions  may  be  predicted  as  described  above,  permit¬ 
ting  a  great  reduction  in  the  amount  of  testing  under  intermittent  conditions. 
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